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ρ =

3, 0 × 109
ÝKÈ�ÉoÚLß�Ü�Ë�Î@È�Ó

/cm3
ÍCÌ�Ï	Ö`Í�É5Í�ÐPÚLÍ�ÓpÜ:Õ�Ð�Ü:Í:ÐPÚ5É5È�Ø:àPÍ:ÓpÌ�Í<Ü:Õ�É5È�ÐPÚ5Í�á�Þ�ÈHâ

ã�ärå
×10−5

Ò<Õ�Î,æ�Ç�çJÞ�Ù]â$ã�ärå
×10−4
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×10−3
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ø��JìHébê	á�ì�éJâ$ñOç,ðHç,ìHìOá�â$ñHçBìBë'æSá�ìDñ�á æ
û"åBæa÷"çBï~áPìHî�á�éJæW÷"ä�ðRñD��â�ê,é~á�ç,æºá�÷�ïJéJêBá�ü,ÿ.çBìDñOç,êBâ�ä<ï-+�à<éJê	á ì
�#�E���8ôF3¶÷�ðRä<÷�ðHébçBè�á�è�ç�û�ú ìHéJê	á±è�çBìHìHç�ìHéJìRñHçBæWáËå�ä±ø�çBâHG<æWçBâ�äËè�áËá�üBý�äËï~á�ìHçBð�çBæ³æWçBéJä�ì
çBìH÷�á�ïJã�á è�ä<ðHç,ì�ê,ä<æ àvá�â�ã�äzôI	 ç,ìH÷�á�ïJã�á�æWç,â$ñOäzë�í$î�çªå�÷�ðHçJ�Rî�è�éJêBé~á�ï�÷�á�ðOáËä æWç,ê	á�â�éJìHæWä
è�çSðHçBá�ïJéJæWç,â$ñ�á�üBý�älè�älï~á�ìRçBð�ê,ä<â$övç,â�êBéJä<â�á ï6ë¥åSî�æ¶çBïJç,æWçBâ$ñHälçBìHìHç,â�êBé~á ï�÷�á�ðHá�ìHéJìRñHçBæSá ìKè�ä
ñOéJ÷"äK5L6%7M8;:2<N=�6@?@AO5�?,ô)3 ÷'ç,ìHí.î�éJìOáPñHç1+<ðRéJê	á�ç,æº÷zðHä<÷�á àvá�üBý�ä�è�çfïJî�ùfçBæ�æWç,éJä<ì�á�ïbñ�á æWçBâ$ñHç
è�çBìHä<ðRè�çBâ�á è�ä<ìKêBä<æmàvá�â�ã�äYåPû�á ìHç	á�è�álâ�á�ñHçBä<ðRé~álè�çPïJä.ê	á ïJéJù	á�üBý�äYçPè�ébø�î�ìOý�äYè�çPïJî�ùPçPâ�á
ø��JìHébê	áPè�ç
ï~á�ìHç,ðHì��#�4ëQP��8ô4 DçBìHìHç
ç,ìRñHî�è�ä�ë�á�éJâ�è�áPìOý�ä�è�ç,ìHêBä<â�ã�ç,êBéJè�ä�ì�á�ïbà<î�â�ì�á�ìH÷"çBê�ñOä<ì�ìHä<û�ðRç
äWæWç,ê	á â�éJìHæWäMè�áWá ü	ý�äMï~á�ìHç,ð'R�÷"ä.è�ç�þÄìHç�è�ç,ìRñ�á ê	á�ð,ë�÷"ä�ð�çO�zç,æW÷�ïJä�ëzäWç�ø�çBébñHäMè�á
ñOç,æW÷"çBðHá ñHî�ðOá
â�á±çBæWéJìHìOý äËï~á�ìHç,ðBë}äËç,â$ñHçBâ�è�éJæWç,â$ñOä±è�á�ì�÷�ðRä<÷�ðHéJç,è�á�è�ç,ì�è�á±çBæWéJìHìOý ä±ø�ðHç,â$ñOçKS­ö�á ðHé~á ü	ý�ä
è�áoè�ç,â�ìHéJè�á�è�ç�è�ç�ç,ìH÷�á�ïJã�á�è�ä�ðHç,ìfâ�ä�æWç,éJä�ë�ä<ìfç�ø�çBébñHä<ìfè�álö�á�ðRé~á�üBý�ä�è�áYêBä�â�êBçBâ$ñHðHá�ü	ý ä�è�ä
êBä<ðHá�â$ñHç<ë$ç}á�éJâH(�î�óBâ�ê,é~á�è�ä�ìHä�ïbövçBâ$ñHç}â�á ì�÷zðHä<÷�ðRéJçBè�á�è�çBì�è�ç�çBæWéJìHìOý�äT5L6%7M8;:2<U=-6�?@AO5>ôWVxä$è�ä<ì
çBìRñHçBìÒç,ìRñHî�è�ä<ìÒìOý�ä�â�çBê,çBìHìOú ðHéJä<ìx÷�á�ðHá�ä�è�çBìHç,â$övä<ïbö4éJæWç,â$ñHä�è�ç�ê,ä<âzò�à<î�ðHá�üBÿ$çBìÒæSá éJìÒç,ò�ê,éJçBâ$ñHçBì
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c)d�e%f�e,gTe%hji"c'k;lDg,m�e,c'n�o1p-q'kjo1pre,mjc�c1i"p-s�sDt2gju

1.1 Mo tiv a ç ã o

vWw p-sLl�c'ixi�hjp�lDg%s!l�f�e%y�e%z-{jg%s!k�e|z-p�lDc'fDe�lDhjf�e|s�gEyjfLc}g|l�c1i"e�~L�%�M�;�2���-�@���O~O�2gEkjmjc�e|�%fDe%kjmHc
iTe%p-gEfLpre�yjhjs�o�e�e�o�e%f�e%oOlDc'f�p-�1e%��t2g�mjg�i"c'o�e%kHp-s�i"g�m�e�e2��t%g�zre%s�c'f�f�c'zre%o'p-gEk�e%kjmjg2��g�o1g%iNg%s
d�e%fD�2i"c'l�f�g%s�mjg�s�p-sLl�c1iTe��Ml.e2p-s�o'gEi"gj��mjc'kjs�p-m�e%mjc�mjg�i"c'p-g�c1s�d�e%z-{�e2mjgEf1��o'gEkjo1c'k;l�fDe%�1t%g�mjc
o1gEf�e%k;l�cE�Hl.e%iTe2kj{jgTmjg"mjpr�%i"cOlDfLgTmjg,��c1p w c�mjc)yMgEi�yMc1e%i"c'k;lDgj�jo1gEi"djfLp-i"c'k;lDg"m�e"e%i"gEsLl�fDe
c�cOlDo%u��}gEi�y�e%s�c�kjgEs4l�f�e%y�e%z-{jgEs4m�e�z-p�l�c1f�e2l�hjfDe*mjc1o'p-mjp-i"gEs�e%k�e2z-p-sDe%f�e%s�djfLgEdjfLp-c1m�e%mjc's�mjc
c1i"p-s�sDt%g�mHg�~��%�9�;�2�����@�@�O~*��f�c'k;lDc"e��%e%fLpre%�1t%g�m�e�mjc'kjs�p-m�e%mjc,mjc"d�e%f�lD -o'hjzre%s1�¡m�e�o1g%kjo1c1k��
lDf�e%��t2g"mjc)o'gEfDe2k;lDc�c�e,p-kH¢�hjq'kjo1pre,mjg"s�gEz��Ec1k;l�c)k�e���gEfLiTe%�1t%g"mjc�e2�Ef�c'�£e%mjg%s¤i"g%z-c1o'hjzre%f�c's1u

v sLl�c�lDf�e%y�e%z-{jg�o'gEk;lDfLp-yjhjpWd�e%fDe�e�o1gEi"djfLc1c'kjsDt%g�mjg�o'gEi"dMgEf�l.e2i"c1k;l�g�mjg�z-p-i"pre%f�zre%s�c'f
c"i"gEsLl�fDe2f)¥�hjc"g�i"c's�i"g�¦,��gEf�lDc'i"c1k;l�c"mjc'dMc1kjmjc1k;l�c"mje�mjc'kjs�p-m�e%mjc"mjc,d�e%f�lD -o'hjzre%s*§ ρ ¨ cm�e*o1g%kjo1c1k;l�f�e%��t2g�mjc/o1gEf�e%k;l�c�§\� ¨ �Mc/¥�hjc�c's�sDe%s4�Ef�e%kjmjc'��e%s�§ ρ c�� ¨ e2��c'lDe%i©mjp-fLcOl.e%i"c'k;lDc
gKi"c'o�e%kjp-s�i"gªm�eKe%�1t%gªzre%s�c1f�kjc's�s�c1s�s�p-sLl�c1iTe2s1u�«We2fDe¬c1sLl�c�nji��­fLc�e2z-p-��e%i"g%s�hji®c'sLlDhjmjg
i"p-k�hjo1p-gEs�g,o1gEiIhjiTe,s�¦'f�p-c�mjc)c w dMc'f�p�i"c1k;l�gEs1�jc1iI¥�hjc��%e%fLpre%i"gEs ρ c/�4u

¯ c1s�c'k;�£gEz��Ec1i"gEs�hjiTe°kjg@�2e°o1gEkHn��%hjfDe2��t%g±d�e%f�e°g±s�p-sLl�c1iTeH��¥�hjcª¦¬g²~��2�M�;�2�³���@�@�O~
c1i´s�gEz-hj�'µ�c1s�e%¥�hjgEsDe2s�iTe2p-s�g¬s�hjf���e%o'lDe%k;l�c*mjg�mjc'o1p-z�s�hjz���e2l�g¬mjc*s�¶�mjp-g·§^¸ ¯ ¸ ¨ u!��gEi´c1sLl�c
kjg@�£g¹s�p-sLlDc'iTeH��o1gEkjs�c'�Ehjp-i"gEs,gEyHl�c1f,hjiTeKc'n�o'p-q1kjo'pre¹mjc�c1i,p-s�sDt%g�m�eKgEfLmjc1iºm�e»~��%�9�;�2�
�-�@���'~�l�f�e%mjp-o1p-g%k�e%z�¥�hjcThHl�p-z-p-��e�s�gEz��£c'k;l�c1s�e2z-o1g�¶Ep-s�§�cOlDe%kjgEz�g%h°i"c'lDe%kjg%z ¨ u�¼½�Ef�e%kjmjcTo1g%k��
lDfLp-yjhjp-��t2g¾c1sLlD¿�fLc1zre%o'p-gEk�e%m�e�o1gEi´e¾e2mjp-��t%g¾mHg¾s�hjfL��e2o'lDe%k;l�c�¸ ¯ ¸¹k�e�s�gEz-hj�1t%g¬e%¥;hjgEsDe�mjc
o1gEf�e%k;l�cTc"c's�d�e%z-{�e%mjgEfLc's1u�À¤i�gEhHl�f�g���e2l�g¾p-i"dMgEf�lDe%k;lDc"¦Te�s�hjyjsLl�p�l�hjp-��t%g�m�e%s�d�e2fLl� -o1hjzre%s
c1s�d�e%z-{�e2mjgEfDe2s¤mjc TiO2

dMgEf Al2O3
��mjc'��p-mjgTe"c'��c'p�lDgEs¤mjc���g%l�g�mjc1�%fDe%m�e2��t%gTmje%s¤i"gEz-¦'o1hjzre%s

mjc�o1g%fDe2k;lDc's�o�e%hjsDe2mjgEs�dMc1zre�djfLc1s�c'kj��e�mHc TiO2
c'i½s�gEz-hj�1µ;c1sÁe%¥�hjg%sDe%s1�Hg�o1e%s�p-gEk�e2kjmjg�hjiTe

y�e%p w e�cOn�o1p-q'kjo1pre/zre%s�c1f'u­Â¤c1sLl�c�c'sLlDhjmjgH�Ho1e%f�e%o'l�c1fLp-�1e%i"gEs�g�z-p-i"pre%f}c�i"g%sLlDf�e%i"gEs}¥�hjc�c'sLl�c�¦
mjc1dMc1kjmjc'k;l�c)m�e,o1g%kjo1c'k;lDf�e%�1t%g"mjc)s�hjf���e%oOl.e%k;l�c)k�e,s�g%z-hj��t%gHu
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1.2 Es tr u t u r a d a T e s e

ÌxÍÏÎ'Ð�Î)Î1ÐLÑDÒ,ÓEÔLÕ£Ö%×jØ-Ù1Ö%Ú�Ö,ÛMÓEÔÁÜ�Ö%ÛjÝ�ÑDÞjß-ÓEÐ1à
ÌxÐ�Î'ÕEÞjØ-Ô�Ð�ÞjáTÖ2Ô�ØrÖ%á,Î1×;Ñ�Î)ÚjÎ1Ð�Ü'ÔLÎ'â£Î1á,ÓEÐ1ã
V ä Ó,Ü�Ö%ÛjÝ�Ñ�Þjß-Ó*å�æ�Ö%ÛjÔLÎ1Ð�Î'×;Ñ.Ö2á"ÓEÐ¤Ö%Ð�Ü1Ö%ÔDÖ2Ü'Ñ�Î1ÔLÝ-ÐLÑDØ-Ü1Ö%Ð�ç�Ò%Ð�Ø-Ü1Ö%Ð�ÚjÓ"ßrÖ%Ð�Î1ÔÁÜ1Ó%×;â£Î1×jÜ'Ø-ÓE×�Ö%ß\è
V ä Ó�Ü1Ö%ÛjÝ�Ñ�Þjß-Ó¤éHæ@á"Ó%ÐLÑDÔ�Ö%á"ÓEÐ&Ö2Ð¡ÕEÎ'×jÎ1Ô�Ö%ß-Ø-Ú�Ö%ÚjÎ'Ð¡Ð�ÓEçjÔLÎ
Ü1ÓEÔ�Ö%×;Ñ�Î1Ð¡Ó%Ô�ÕEê%×jØ-Ü1ÓEÐ1æ@á"Ó%ÐLÑDÔ�Ö%×jÚjÓÐ�Þ�Ö%Ð�ÛjÔ�Ø-×jÜ'Ø-Û�Ö%Ø-Ð�Ü�Ö2ÔDÖ2Ü'Ñ�Î1ÔLÝ-ÐLÑDØ-Ü1Ö%Ð1è
V ä Ó�Ü1Ö%ÛjÝ�ÑDÞjß-Ó*ëjæ�Ø-×;Ñ�ÔLÓ�ÚjÞjÙ1Ø�á"ÓEÐ�Ö%ß-ÕEÞj×jÐ|Ü1ÓE×jÜ'Î1Ø�Ñ�ÓEÐ�Ö*ÔLÎ'Ð�Û�Î'Ø�ÑDÓ*Ú�Ö%Ð4ÛjÔLÓEÛjÔLØ-Î1Ú�Ö%ÚHÎ1Ð4ÚjÎÐ�ÞjÔLì�Ö%ÜOÑ.Ö2×;ÑDÎ'Ð�Î�Ö�ì�ÓEÔLáTÖ%í1î%Ó"ÚjÎ)á"Ø-Ü'Î1ßrÖ%Ð�Î'áIÐ�ÓEß-Þjí�î%ÓHè
V ä ÓªÜ1Ö%ÛjÝ�Ñ�Þjß-Ó¹ï�æWì�Ö%Ù'Î1á"Ó%Ð�ÞjáTÖ¬ÔLÎ'â�Ø-ÐDî%ÓªçjØ-çjß-Ø-ÓEÕEÔ�Ò2ð�Ü1Ö¬Ð�ÓEçjÔ�Î�Ö%Ð�ÛjÔ�Ø-×jÜ'Ø-Û�Ö%Ø-Ð�Ü�Ö%Ô�Ö%Ü
ñÑDÎ'Ô�Ý-ÐLÑ�Ø-Ü�Ö2Ð¤ÚjÓ,Ð�Ø-ÐLÑDÎ'áTÖ*ò�ó%ôMõ;ö2÷ùø&ó@ú�ûOüOæjçMÎ'áIÜ1ÓEá"Ó"Ð�Þ�Ö2Ð�Û�Î'Ü1Þjß-ØrÖ2Ô�Ø-Ú�Ö%ÚjÎ'Ð1è
V ä Ó�Ü1Ö%ÛjÝ�Ñ�Þjß-Ó�ýHæQÖ�á"ÎOÑDÓ�ÚjÓ%ß-ÓEÕEØrÖ*ÎOþHÛMÎ'Ô�Ø-á"Î'×;Ñ.Ö2ß!Î1á"ÛHÔ�Î'Õ£Ö%Ú�Ö*Û�Ö%ÔDÖ*Ô�Î1Ö%ß-Ø-Ù1Ö%í�î2Ó�ÚjÎ1ÐLÑ�ÎÑDÔ�Ö%ç�Ö%ß-ÿjÓHà�� ÛjÔLÓ�Ü1Î'ÚjØ-á"Î1×;Ñ�Ó/ÎOþ�ÛMÎ1ÔLØ-á"Î1×;ÑDÖ%ß9Ø-×jÜ1ß-ÞjØMÖ�ÛjÔ�Î'Û�Ö%Ô�Ö%í�î2Ó�Ú�Ö2Ð�Ö%á"Ó%ÐLÑDÔ�Ö%Ð1æ�ÚjÎ1ÐLÜ1ÔLØ-í�î%Ó

ÚjÓ�Ö2Û�Ö%ÔDÖ�ÑDÓ/ÎOþ�ÛMÎ1ÔLØ-á"Î1×;ÑDÖ%ß\æ�Î|ÚjÎ¤ÑDÓ�ÚjÓ%Ð}ÓEÐ ÛjÔLÓ�Ü1Î'ÚjØ-á"Î1×;Ñ�ÓEÐ Û�Ö%Ô�Ö�Ö�Ü�Ö2ÛHÑ.Ö2í�î%Ó/Î4Ö%×�Ò%ß-Ø-Ð�Î|ÚjÓ%Ð
Ú�Ö%ÚjÓEÐ1è

V ä Ó»Ü1Ö%ÛjÝ�Ñ�Þjß-Ó���æ|á"ÓEÐLÑ�ÔDÖ2á"ÓEÐ�ÓEÐ�Ô�Î'Ð�Þjß�Ñ.Ö2ÚjÓEÐ�Ó%çHÑDØ-ÚjÓ%Ð1æ��LÞj×;Ñ.Ö%á,Î1×;Ñ�ÎKÜ1ÓEá Ö%Ð�Ð�Þ�Ö%Ð
ÚjØ-Ð�Ü1ÞjÐ�Ð���Î'Ð1è

V ä Ó�Ü�Ö%ÛHÝ�ÑDÞjß-Ó	�Hæ�ì�Ö2Ù1Î1á"Ó%Ð�Ö%Ð�Ü1Ó%×jÜ1ß-ÞjÐ���Î'ÐÁÚjÎ'ÐLÑDÎ4Ñ�ÔDÖ2ç�Ö%ß-ÿjÓ�Î�ÛMÎ'Ô�Ð�ÛMÎ'Ü'Ñ�Ø�â%Ö%Ð�ÚjÎ4ÑDÔ�Ö%ç�Ö2ß�ñ
ÿjÓEÐ1à
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In t r o d u ç ã o a f ís ic a d e la s e r s

2.1 In t r o d u ç ã o
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6���!������&?�.��#P���
�`�������/O �0&���'��"��(¦����,��`�*��K/�����������/�!�.,������Ê'�� �²�Q§�&���#������%����������&�'/� &?�.������,��²�`�%������� 
\����'��\O
���!�.�fK O6,��Ë������
6� ���0���0JU��'���
���B����$X��������Q�$�/���0�.���Q,��Ì13�/�¥�\�$'/�=�/���/&?�.��'����Ì13���/<=,�´�&�'/�"�f&��
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Ù�Ú/Û Ü"Ý�Þ�ß�à	á�â�ã�äPÜ�å�æ0äUÚ�ájç
è Þ;é�ê�à�á�ß�à;ß�ë�ì�à�ß�àTß�Ú:í�îPï�ð�ñ�à�Ù!á�Ú/å�ò�Þ@ó�ê�Ú/å�ÚfôQÙ!õ�ñ=â�Ù$öPìrñ�à@ó�á�Þ@ó+à%÷�Ù�Ú/å�Ú�ê?õ.à�øùâ�ø

õ.Ù�à�ú�à�á�ñ�ÞWõ�Ú�û�Ù�Ü�ì/Þ|å�Þ ú�Ù�ÚTà|÷6Þ�å�å�Ü�ú�Ü�á�Ü�ß�à�ß�ÚTß�ÚT÷�Ù!Þ=ß�â�ã/Ü�Ù�â�øüø`à�å�Ú�Ù	û ÷\õ�Ü�ì�Þ|ê�àWÙ�Ú/Û Ü"Ý�Þ|ß�Þ
Ü�ê\ý3Ù.à@ä Ú�Ù!ø�Ú�á�ñ�Þ`â�å.à�ê�ß�Þfâ�øÌÙ!Ú�å�å�Þ ê�à�ß�Þ Ù�þÐí�ÿIç è ÞfÜ�ê�æ�ì/Ü�Þfß�Þ å*à%ê�Þ å�� î\ï}ò�ñ�Ú/Þ=ß�Þ Ù!Ú��Aà�Ü�ø`à�ê
ý¤Ú/ãxà	ß�Ú/ø�Þ ê�å!õ.Ù�à���Ý�Þ�Ú��\÷6Ú/Ù�Ü�ø	Ú�ê?õ.à�á ß�Þ�÷�Ù�Ü�ø�Ú/Ü�Ù�Þ�ø`à%å�Ú�Ù�û�÷\õ.Ü�ì/Þ�ï�ì�â	�!Þ�ø�Ú�Ü0Þfà�õ.Ü0äUÞ�Ú/Ù.à	â\ø
ì�Ù!Ü�å!õrà�á�ß�ÚTÙ�â�ú�Ü�
 Al2O3

ß�Þ�÷�à�ß�Þ�ì�Þ�ø Cr 3+ � ç�
�å!õ�ÚTý3Þ Ü�Þ�÷�Ù!Ü�ø�Ú/Ü�Ù�Þ�å�Ü�å!õ�Ú�ø`à|ì�à�÷�à�ãTß�Ú
Û Ú�Ù�à�Ù�á�â�ãQì�Þ=Ú/Ù�Ú/ê?õ.Ú�
¤Þ$÷�Ù!Ü�ø�Ú�Ü�Ù!Þ��cô�ö�
�� � ï=ß�à�ê�ß�Þ$Ü�ê�æ�ì/Ü�Þ�à�â�ø`à�ê�Þ^ä�à���Ù!Ú@à�ß�ÚQ÷6Ú�å��=â�Ü�å.à�Ú
ì@à�â�å.à�ê\ß�Þxâ�ø`àVÙ!Ú/äUÞ�á�â��@Ý�ÞVõ�Ú�ì/ê�Þ á�û Û�Ü�ì@àVÚ�ì�Ü�Ú�êUõ.æ0é�ì�àVÚ�ø¸õ.Þ=ß�à%å-à�å���Ù!Ú@à�å�ç è à�é�Û â�Ù�à�à�ú�à�Ü��\Þ
õ.Ú/ø�Þ å�â�ø¡Ú�å��=â�Ú/ø`à	ß�Þ�÷�Ù!Ü�ø�Ú�Ü�Ù!Þ�á"à�å�Ú/Ù�ç

F ig u r a 2.1: E s q u e m a d o p r im e ir o la s e r, o n d e o m e io a tivo e r a u m c r is ta l d e r u b i d o p a d o

c o m Cr 3+ . M 1 e M 2 s ã o e s p e lh o s r e fl e to r e s .


�å!õ�Ú$á"à%å�Ú�ÙQß�Ú$Ù!â�ú�Ü�Ú�Ù�àfì/Þ ø�÷6Þ å!õ�Þ�ß�Ú$â�øË÷6Ú��=â�Ú�ê�Þ`õ.â�ú6Þ�ß�Ú�Ù!â�ú�Ü�Ù�Þ=ß�Ú�à�ß�Þ�÷6Þ ÙQâ�ø`à
á���ø�÷�à�ß�à�ß�Ú��}à%å�ñ ç���÷6Ú�Ù�à@ä%à�ê=â�ø¢Ù�Ú/Û Ü�ø�Úx÷�â�á�å.à�ß�Þ\ï}Ú�ø	Ü0õ.Ü"à�Ù�à�ß�Ü"à���Ý�Þ`ê�Þ�äUÚ�Ù!ø�Ú/á�ñ�Þ�ç�öPÚ�â
ø�Ú�ì@à%ê�Ü�å�ø�Þ�ß�Ú�Ú/ø�Ü�å�å.Ý�Þ�Ú/å!õ �	ú�à�å�Ú�à�ß�Þ�ê=â�ø¡÷�Ù!Þ=ì/Ú�å�å�Þ�ß�ÚVõ�Ù"!�å�ê�æ0äUÚ�Ü�å�ß�ÚVÚ�ê�Ú/Ù�Û Ü"àPç

ôù÷�à%á"à@äPÙ�à#�côVö�
$� ëWâ\ø à%ì�Ù"% ê�Ü�ø�Þ�ß�àNá�æ�ê�Û â�àNÜ�ê�Û�á�Ú�å.à&�=â�ÚDå�Ü�Û ê�Ü0é�ì@à('*),+	-/.10�2�3
465�) 798�:�.;);<>=@?BADCE.;)F2�G/5,:�.IHKJML92�)ON N�)P<>=Q<SRUTV:WJ�)X:�.;);<>=Y
¤ôQø�÷�á�Ü0é�ì@à>�@Ý�Þ�ß�àAá�â�ã�÷6Þ Ù$Ú/ø�Ü�å�å.Ý�Þ
Ú�å!õ�Ü�ø$â�á"à�ß�à�ß�Ú�Ù�à�ß�Ü"à>�@Ý�Þ � ç1Z*Ú/÷oÞ�Ü�åVß\Þ:å�â�Ù�Û Ü�ø�Ú/ê?õ�Þ:ß�Þ:á"à�å�Ú�Ù*ß�Ú�Ù!â�ú�Üjï Ü�ê\[\ø�Ú�Ù!Þ å�ø`à%õ�Ú�Ù!Ü�]
à�Ü�å�ý3Þ Ù�à�øùõ�Ú�å!õ.à�ß�Þ�å$ì�Þ ø	Þ�ø�Ú�Ü�Þ�à%õ�Ü0äUÞ#
3Þ â�ø�Ú�Ü�Þ�ß�ÚfÛUà%ê�ñ�Þ�û ÷\õ�Ü�ì�Þ � ç^��å$á"à%å�Ú�Ù!å$÷6Þ=ß�Ú�ø
å�Ú�Ù�÷�Ù!Þ=ß�â�ã/Ü�ß�Þ å�Ú�ø ß�Ü0äUÚ/Ù�å�Þ�å:ø�Ú/Ü�Þ å�ß�Ü0ý3Ú�Ù!Ú�ê?õ�Ú�å�ï�Ü�å!õ.Þ9ë�ï�Þ9ø�Ú�Ü�ÞNà%õ�Ü0äUÞ_�=â�ÚAÛ Ú�Ù�à9à�Ù.à`]
ß�Ü"à��@Ý�Þ|÷6Þ=ß�ÚTå�Ú/Ù�â�ømå�û á�Ü0ß�Þ�ï�â�øüá�æO�=â�Ü�ß�Þ|Þ â�â�øüÛW��å�Þ â�ä�à�÷6Þ Ù/ç è Þ�á"à%å�Ú�Ù�ß�ÚTÚ�å!õ.à�ß�Þ
å�û á�Ü�ß�Þ�Þ	ø`à%õ�Ú�Ù!Ü"à�á ÷�à%Ù.à�Û Ú�Ù�à�Ù�á"à�å�Ú/Ù�ë�ß�Ü�å!õ�Ù!Ü�ú�â�æ�ß�Þ�ê=â�ø`à�ø`à%õ�Ù!Ü�ã�å�û á�Ü�ß�àM
3ì�Þ ø�Þ	Þ�Ù!â�ú�Ü Þ â
ê�Ú�Þ=ß�æ�ø�Ü�Þ�aFæ0õ.Ù!Ü�Þ>])à�á�â�ø�æ�ê�Ü�Þ:ÛUà�Ù!ê�Ú/õcb d�ôfegb � çxô*å�ý3Þ ê?õ�Ú�å�ß�Ú	ú6Þ�ø$ú6Ú@à�ø�Ú/ê?õ.Þ:å.Ý�Þ:á���ø�÷�à�ß�à�å
ß�Ú��}à�å�ñ ç$� á"à�å�Ú/Ù�ß�Ú�Ú�å!õ.à�ß�Þ�å�û á�Ü�ß�ÞVõrà%ø$ú6ë�ø ÷oÞ?ß�Ú�å�Ú�Ù�å�Ú/ø�Ü�ì�Þ ê�ß�â\õ�Þ Ù/ïUõ.à�ø$ú6ë/ø£ìrñ�à�ø`à�ß�Þ
ß�Ú�á�à�å�Ú�Ù�ß�Úxß�Ü�Þ=ß\Þ�ï6à�ì�Þ Ù!Ù!Ú�ê?õ�ÚxÚ�á�ëvõ.Ù!Ü�ì@à�ë�à	ý¤Þ�ê?õ.Úxß�Úxú6Þ ø$ú}Ú@à�ø�Ú/ê?õ.Þ\çV�¸á"à�å�Ú�Ù�ì�Þ ø¢ø�Ú�Ü�Þ
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w�xzyW{>|�}�~U�O�O�\���Ow�~������K{���~r��{�|���xB��~���yW�>|��O�B~r�B����~r�g~U�"~\w�{��g�O|�{U�r�U��|\���c{���~r�O���B��~U�O�O�\���Ow�{
~r���������6x�|��K��~����B~��g~��gx��O~���{>�K{�yrx��K{��f~���{���x����z�$�"�Kx����K�>~����O|���~r|��O�B���Wx��O��|\�����O|���xB�t��{��O~
yr�K{>|�w�x�w�x���~r�g���"�O�gxB|���~r�Vw�x�~�|�w�{��

�*���O�"��x��Y�����,�K~������O��~�� w�x¡��{>��xB�"�B�>�\��x¡��x�w��,¢£xB�"xB|�����{��Y|�{>� �c{��O� w��,�Wx����K{>� ����~������Ox�w�{�w�x��
�B~r�g~�¤�~c�gxB�O~cw�x�yW{�|�}�~��E{g�O|���xB|����Ow�{�w�x�w�~g¢£xB����x��E~c��~r�g�����O�UxB|���~cw�x1~r|�w�{gw�x�xB�g�O���K��~
w�x���{�w���{��B��~��/{����"~\w����B��~�w�~1¢£xB����x��/��xf�����O�K{�w�~�~r�¥��~r|����O|\��~��\x��\��{�|��K~�¦�{>���\���,��x��K����{�x��t§
��x��B�,¨��B{fx¡�K{��c{�|�}�~�w�{f�B{��/�Ow�{>w�xr��x��"� {f©��,���O�c{f�6~\w�x�|�w�~���xB� w�xªw��O�gxB|���«\x��¬�g�O�B�"~r����­r���O��{>�
~r�M{>���O|�yr�O�����>���O~��V�gx�����~��®w�xz�B~r�g���"�O�gx�|��K~��

2.2 C a r a c t e r ís t ic a s b á s ic a s

¯ �gx���{>|��O���g~¥w�{¥{����>~¥��{���x���xB�"�K��°�{���xB{�w�~¥|�{����Ox��O�f¢£��|�w�{��gxB|��K{��O��w�{��O|���xB��{��B��~¥w�{
�K{�w���{>����~±xB�Ox��K�"~r�c{�y�|�²����O��{±��~r�³{±�g{>�K²�����{/�(´D{��O�gxB���6x��B�,¨��B{��gxB|���xr�¡{±�O���µ��{���xB�U²¶���
��x������,� {>w�~µw�x�����¢£xB|�·��gxB|�~�w�xB|�~��g�O|�{�w�~�xB�g�O���K��~�x��"�K�O������{>w�{±¸¹�	ºP��»f{�y�xB��{����>~µw�{¥�O���
��{���xB��� ~��B~r�"��x��¼~r�����"½B��¢£x�|�·r�gxB|�~���¢£��|�w�{��gx�|�� {��O���\��{�|�w�~¶���c{¶~r|�w�{µxB�Ox��K�"~r�c{>yr|�²����O��{
�O|��Kx��K{>yrx���~r�¾{U�c{>��xB�"��{�¤$����~\��xB����~r�Vw�x1{>°���~r�"����~���x��g�O���K��~gx����6~r|�� �>|�x�{UxzxB�"���O������{�w�{��

»f{�¨�yr����{�¿/�OÀ�²9�g~r�"���K{>w�{����c{��O�O���"����{�����~�w�~r�*�K�"½B�*����~\��xB����~r�Áx�|��W~r�,�/�Ow�~��Á|�{�yrx��K{>����~
w�{��O���®�O{���xB���Á»f~�����~��BxB����~�w�xf{>°���~r���B��~¥ÂF¨�y��Á¿�Â;{rÃ�ÃÄ�����Å¢£­���~r|cxÄ���B�,�K{����Æ�	�K~r�U~1~r�c���c{
�g~r�O²B������{zw�{��c{>�Kx��"��{z����w�{�|�w�~z��xB�gx��"� {>w�~�xB�Ox��K�"~r|��O��~�x��B~r�Å�O����~z��xB�gx��"� {>w�~�w�x�xB|�xB�"yr��{
w�x

E0

��{>�K{
E1

�ªÇÈw��,¢£xB�"xB|��B{gw�x1xB|�xB�"yr��{gxB|����"x1xB�"��xB�®w�~r�O�®xB�"�K{�w�~r�®x1�Oyr��{���{gxB|�x���yr��{gw�~
¢X~>�K~�|É�

E1 − E0 = h ν > 0
�

F ig u r a 2.2: I lu s tr a ç ã o e s q u e m á tic a d o s tr ê s p r o c e s s o s r a d ia tivo s d e c o r r e n te s d a in te r a ç ã o

r a d ia ç ã o - m a téria , a b s o r ç ã o (a ), e m is s ã o e s p o n tâ n e a (b ) e e m is s ã o e s tim u la d a (c ).

»®~µ���"~\��xB����~µw�xUx��g�O���K��~�xB���6~r|��K��|�xB{��É~\��~r�"��x�~�w�xB�B{��O�gxB|���~�xB���6~r|��K��|�x�~µw�~¶�>��~r�g~
w�x����ÊxB�"�K{�w�~�xÄ���B�,�K{�w�~���{���{¥���Êx��"� {�w�~µw�x�°�{�����{¥x�|�xB�"yr��{��Ëx��g�,�K�O|�w�~����Ê¢£­>�K~r|É���$����x
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Ö�×�Ø\Ù�ÚBÛ�Û�ØcØ\Ù�Ør×�×"Ú1ÚBÛ�Ö6ØrÜ�ÝKÞ�Ü�ÚBÞ�ßgÚ�Ü�ÝKÚ¥àFá�â�ã�à£äEå"å�æ�çéè£ê>ÝKØrÜMÚBßgë,Ý�ëOì�ØcÜ�í�ØgÝKÚ�ßïî\ð�Þ>ñOî\ð�ÚB×®Ù�Ør×Sò
×�Ú�ñ�Þ�ó�í>Ø1ì�ÚVèXÞ�Û�ÚVÙBØrßôØrÛ�Ø�ð�ÝK×"ØrÛ$è£ê�Ý�ØrÜ�Û�ÚBßUë,ÝKëOì�ØrÛ�Ö6Ú�ñOØrÛ¡õ>Ý�ØrßgØrÛ�ì�Ø1ßcÞ	ÝKÚ�×�ë�Þ>ñ;ö�Ú®Ö6Ø\ì�Ú�ßÆÛ�Ú�×
ÚBßgë,Ý�ëOì�ØrÛVÚBß÷î\ð�Þ>ñOî\ð�ÚB×�ì�ëO×�Ú�ó�í�Ø�æ

ø Ø�Ö�×�Ø\Ù�ÚBÛ�Û�Ø�ì�ÚªÚ�ßgëOÛ�ÛKí�Ø�ÚBÛ"Ý�ëOß�ð�ñ�Þ�ì�Þ�ö�ð�ßÈõ>Ý�ØrßgØ$ù�õfÜ�Ø�ÚBÛ"ÝKÞ�ì�Ø�Ú�ú�Ù�ë,ÝKÞ�ì�Ø�ûªÚBÛ"Ý�ëOß�ð�ñ�Þ�ì�Ø
ÞVèXÞ>üBÚB×ýð�ßcÞ�ÝK×�Þ�Ü�Û�ëOóBí�Ø®Ö�Þ�×KÞVð�ßþÚBÛtÝ Þ�ì�Ø®ì�Ú�ßgÚ�Ü�Ør×�Ú�Ü�ÚB×"ârë�Þ®Þ>Ý�×KÞBÿWûBÛ�ì�Ú�ð�ß è£ê�Ý�ØrÜ�ëOÜ�Ù�ëOì�ÚBÜ�Ý�Ú
ÙBð	ù�Þ�ÚBÜ�Ú�×�ârëOÞ�û�ÚÄú�Þ>ÝKÞ�ßgÚBÜ�Ý�Ú�ëOârð�Þ>ñÉÞ�Ú�Ü�ÚB×"ârë�Þ�ì�Þ�Ý�×�Þ�Ü�Û�ëOó�í>ØUÚ�Ü�Ý�×�Ú�ØrÛ9ì�ØrëOÛ9Ü � ÿWÚ�ëOÛBæ���ð�Þ�Ü�ì�Ø
Ø^õ	ÝKØ�ßgØDÚÄú�ÚBÙ�ð�ÝKÞ¶ÝKÞ�ñÁÝK×�Þ�Ü�Û�ëOóBí�ØMØ\ÙBØ�×�×"Ú�Þ¶ÚBßgëOÛ�ÛKí>ØDì�Úcð�ß¼è£ê�Ý�ØrÜ ëOì��BÜ�Ý�ëOÙBØDÞ�ØMëOÜ�Ù�ëOì�ÚBÜ�Ý�Ú
à£á�â�ã�àXÙ�å�åÄæ ø ÚBÛ"Ý�Ú�Ù�Þ�Û�Ø�ö6ØrÛ®è£ê�Ý�ØrÜ�Û�Ú�ßgë,ÝKëOì�ØrÛ�Ú�ëOÜ�Ù�ëOì�ÚBÜ�Ý�ÚBÛ®Ý���ßÊÞcßgÚBÛ�ßcÞcÚBÜ�Ú�×�â�ë�Þ�ö6ßgÚBÛ�ßcÞ
Ö�Ø�ñ�Þ�×"ëOü�Þ�óBí�Ø�ö6ßgÚ�Û�ßgØ¥ßUØrßgÚBÜ�Ý�Ø�Ú�ÛKí�Ø�ÙBØ\Ú�×�Ú�Ü�ÝKÚ�ÛUà£ëOÛ"Ý�Ø¥û�ö�Þ�ÛfÛ�ð�Þ�Ûfè£×"ÚBÜ�Ý�ÚBÛfì�Ú�ØrÜ�ì�ÞcÚBÛ"ÝKí�Ø
ÚBß èXÞ�Û�Ú�å�æ��$ß Ö�×"Ø\Ù�ÚBÛ�Û�ØrÛ�ì�ÚUÚBßgëOÛ�ÛKí>Ø¶ÚBÛ"Ý�ëOß�ð�ñ�Þ�ì�Þ�ö�ÞµÖ�×"Ørä�Þ�ñOëOì�Þ�ì�Úgì�Þ�Ý�×�Þ�Ü�Û�ëOó�í>Ø¶ì�Úgð�ß
ÚBÛ"ÝKÞ�ì�ØUÚ�ú�Ù�ë,Ý Þ>ì�ØgÖ�Þ>×KÞ�ð�ß ÚBÛ"ÝKÞ�ì�ØUì�ÚzßgÚBÜ�Ør×9ÚBÜ�ÚB×"ârë�Þ�ì�Ú�Ö�Ú�Ü�ì�Úzì�Þ�ì�ÚBÜ�Û�ëOì�Þ>ì�Ú�ì�Ú�Ú�Ü�ÚB×"ârë�Þ
ì�ÞU×KÞ>ì�ë�Þ�ó�í�ØUÚBñOÚ�Ý�×"ØrßcÞ�ârÜ�û�Ý�ëOÙ�ÞUëOÜ�Ù�ëOì�ÚBÜ�Ý�Úræ

çÅè£ð�Ü�ÙBëOØ�Ü�Þ�ßgÚBÜ�Ý�Ø¥ì�Ø�ñ�Þ>Û�ÚB×�Ú�Û"Ý õ�ä�Þ�Û�ÚBÞ�ì�Ø¥Ü�Ø¥è£Ú�Ü�	rßgÚBÜ�Ø¥ì�Ú�ëOÜ�ÿWÚ�×�ÛKí�Ø¥ì�Ú�Ö6ØrÖ�ð�ñ�Þ>ó�í�Ø�ö
Ørð�Û�ÚSù�Þ�ö\Þ�ä�Û�Ør×"ó�í�Ø�ì�Ú®ÚBÜ�Ú�×�â�ë�Þ1Ö�Þ�×�Þ1î\ð�Ú�Þ�ßcÞ�ëOØr×�Ö�Þ�×tÝKÚ®ì�ØrÛªõ>Ý�ØrßgØrÛ¡Û�ÚfÚÄú�ÙBë,Ý�ÚBßÊà£Ú�ñOû�Ý�×�ØrÜ�Û

 ÛKÞ�ñ,Ý�ÚBß 
 Ö�Þ>×KÞzÙBÞ�ßcÞ�ì�Þ�Û$ßcÞ�ëOÛ$ì�ëOÛ"ÝKÞ�Ü�Ý�ÚBÛ$ì�Ø�Ü���ÙBñOÚ�Ø1Þ>Ý
	rßgëOÙBØWå�æ���Ö6êrÛ�ÞzëOÜ�ÿWÚB×"ÛKí�Ø�ì�ÚVÖ6Ø�Ö�ð/ò
ñ�Þ�ó�í�Ø�ö�ì�Ú�ÿrÚ���ÞBÿWÚB×�ð�ß ×�Ú�âr×"ÚBÛ�Û�ØgÞ�ØgÚ�Û"ÝKÞ�ì�ØUè£ð�Ü�ì�Þ>ßgÚBÜ�ÝKÞ�ñÉÙ�Ørß÷ñ,ëOä�Ú�×�Þ�ó�í�ØUì�Ú�è£ê�Ý�ØrÜ�ÛVëOì���Ü/ò
ÝKëOÙ�ØrÛfàXÚ�ßgëOÛ�ÛKí�Ø�ì�ÚVñOð�üVÙBØ\Ú�×�Ú�Ü�ÝKÚ�åÄæ��¬Ør×tÝKÞ�Ü�Ý�Ø1ð�ßôñ�Þ�Û�Ú�×$ûVð�ßcÞ�è£ØrÜ�Ý�ÚVì�ÚVñOð�üröWÙBð	ù"Ø�Ö�×"ëOÜ�Ù � Ö�ëOØ
ì�Ú�è£ð�Ü�Ù�ëOØrÜ�Þ�ßgÚ�Ü�ÝKØzûVä�Þ>Û�Ú�Þ�ì�ØzÜ�ÞzÚ�ßgëOÛ�ÛKí�Ø�Ú�Û"ÝKëOß�ð�ñ�Þ>ì�Þzì�Þ�×KÞ�ì�ë�Þ>ó�í�Ø�ö�Øzî\ð�Ú�Ö�Ú�×"ßgë,ÝKÚVÞzÛ�ð�Þ
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èX×"Ú�î����BÜ�Ù�ë�ÞVÞ	ú�ë�Þ>ñrÛ�Ú$Ú�Ü�ÙBØ�Ü�ÝK×�Þ�Ö�×"ê�ú�ëOßgØ�ì�Þ�×"ÚBÛ�Û�Ø�Ü+��Ü�ÙBë�Þ�Þ>Ý
	rßgëOÙ�Þ/ö	Ú�Û"ÝKÚ*ÝKÚ�ß ØVßcÞ>ëOØr×ÉâWÞ�Ü���Ø�æ
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F ig u r a 2.3: E s q u e m a d e u m la s e r, o m e io a tivo (G ) é fi x a d o n o in te r io r d a c a vid a d e

f o r m a d a p o r d o is e s p e lh o s (M 1 e M 2), s e n d o q u e u m tr a n s m ite p a r c ia lm e n te a lu z p a r a o

e x te r io r. A r e a lim e n ta ç ã o é p r o d u z id a p e lo s e s p e lh o s . O m e io d e g a n h o é b o m b e a d o p o r

u m a f o n te e x te r n a d e b o m b e a m e n to (P S ). O r e s u lta d o é u m f e ix e c o e r e n te d e lu z , c o m

u m a p e q u e n a la rg u r a d e lin h a e s p e c tr a l [15].
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ÆCÅXºd»�¼$Â�¼"¶7ÆC¾�¼�¼oÑ]ÆCÁ�È
¼
½�¾9·`Å�Â
¼R»�º7¾�ÆC¸+Ô:¸�Ê"ÆL·`»�¼_¼"¾�ÆCÁ
Á�Ì<º�¼RÁ
ÅXº7¸TÈ�Ô<¸�¼b·�Ò_Ö�·<Â
·�·<¿vÈ�·<ÁH¼"¸�¼RÂ
¶<ÆL·<ÁH»�¼cÇXº7¾$ÇX¼"·<¾�¼R¸TÈ�º�Ã
·$Å�Â�º7ÅXº7Â�ËbÌ<º$»�¼fÅXº<Å�½�¿L·<ËbÌ:º_¸�º_¼RÁ�È1·:»�º_¼|Ñ]Ê"ÆvÈ�·<»�º_Í@Á
½]É+ÊRÆC¼"¸TÈ
¼fÅ+·:Â�·�Ê"º7¾�ÅX¼R¸�Á�·<Âô·<ÁôÅX¼RÂ
»+·:Á
»+·9Ê"·bÕ�ÆC»+·<»]¼7ÃÚÊRº7¸�Á
¼"Ä�ö]¼"¸TÈ
¼"¾�¼R¸TÈ�¼<ÃÚº9Å�Â
ºTÊ"¼"Á
Á�ºu»�¼�·<¾�Å]¿CÆvÉ+Êb·<Ë"Ì<º9Í[»�º7¾�ÆC¸+·<¸TÈ
¼7Ò�µªÊb·<¾�ÅXº
¶7¼"Â
·<»�º�¸+·[ÊRº7¸�»�ÆCË"Ì<º�»�¼@·:¾�Å�¿CÆvÉ+Êb·<Ë"Ì<º�ÍKÇ+·<Á�È1·:¸TÈ�¼VÎjº7Â�È�¼K¼lÅXº7Â�ÆCÁ
Á�º�¾$½�ÆvÈ1·:Á�¾�º7¿CÍ"ÊR½�¿L·<Á�¸+Ì<º
Ê"º7¸�Á
¼R¶7½�¼"¾ø»�¼"Ê"·<ÆCÂf¼"Á
ÅXº7¸TÈ�·<¸�¼"·<¾�¼"¸.È�¼c·<¸TÈ
¼"ÁH»]¼cÁ
¼RÂ
¼R¾ÀÆC¸�»�½�Ó"ÆC»+·:Á�·`»�¼RÊb·:ÆCÂH¸+·dÊ"º<¸�»�ÆCËbÌ<º
¼"Á�È
ÆC¾$½�¿L·<»+·]Òsùf½+·<Á
¼9È
º�»+·x·�¿C½�Óu¶7¼RÂ�·<»�·sÍuÆC¸�»�½�Ó"ÆC»�·sÅX¼R¿Cº7Á$¾�º�»]º7Á$»+·<Á�Êb·bÕ�ÆC»+·<»�¼"Á"Ã�Å�Â
º)Ø
»�½�Ó"ÆC¸�»�º�·<Á
Á
ÆC¾}¿C½�ÓHÊ"º�¼RÂ
¼R¸TÈ�¼<Ò*ú�¼"¸�¼RÂ
¶<ÆL·c»�¼HÇ�º<¾$ÇX¼b·<¾c¼"¸TÈ
º�Ä�½�¼HÅ�Â
ºT»�½�Ó�¼RÁ
Á�·cÆC¸TÕ.¼RÂ
Á�Ì:º�Í
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��
���������������������������������� �"!$#�#&%('
) ���*�,+��-����.���/10��20��3���������4��.�5768� 5�����.�5����:920��;���,�*<=� ���?>@.��������A.�BC.���0����?�-��6D���������

E <=�������*������.�5���57<=�F�G0��H��� ��.I��<��,68.�J7/10��F9G��.���.1�-����.���57<����F��.����K����BC� ��
�.��K���G�*�ML�� <��,6D���������
N"O � NQP 'SRT�U0��V���������W� .�5768� 5�����.�5����7.��W����BC� ��
�.��S��<�0����V5��G�*�-������������57<=��X�Y�.G��.Q�����*<������AJ
.Z��� ��.Z���\[8��5�
�.Z9\��]A���,<=����.^BC����.Z��[���57<��\���\_C.���_C� ��������57<�.�J`.^/10�����B��*.1��0�a\0����
��5768���*�=Y�.^���\BC.�B�0A����X-Y�.^�\[���5�
�. γ0

';RT�b0��c���M<=� ������5�����.Z��5A�*<d��58<=��Je<=� ��.��f/10��g�
��57<=� 5������������G[�� �=������BC���������������=Y�.I���	<=����0���������� .�����X��I����0�BC�������h���hBC� ��������J1/10��GBC.1�����
�����"����0��=�������"BC.��"� ��B�����
������ 57<=.i��� 57<=�*.i���i���-6D����������JS��_���.��*X-Y�.i.�0gBC����.i����BC� ��
�.kj O '
l �������fJ�BC.1������.��F�M]AB��*�����=����<=���m���,<=0���X-Y�.�BC� ��������[�0���57<��2��/10���X�Y�.�n

R1 R2 ex p[γ02L] ∗ ex p[−α02L] = 1 (2.1)

.�5���� R1eR2
�=Y�."���o�*� L�� <��,6D�����������T��.��T� ��Bp� ��
�.���J7qf9�.2��.���B��*������57<�.2��.2������.2����[8��5�
�.�J

ex p[γ02L] �*��B��*������58<d�F.Q[8��5�
�.Q��.Q�����*<�� ���GBC.��r68.��,<=�G� .���B����M<d�G� ex p[−α02L] �*��B��*����� 57<=����FBC���*�����F5����-��6D����������BC.���68.��,<=��� .���B���� <=�A'
N � �������*� 6���5���.���� /10���X�Y�. P ' O JA<�����.���n

R1 R2 ex p[(γ0 − α0)2L] = 1 (2.2)

l ������������� 57<d��X�Y�.s>t��ak��.��u/10��v�w�=��������X-Y�.x� >@�M<=0��y��z��,<=�,B������{B������=��[���5��{���y�����s�
68.��,<=�}|@����� ��.?��.���B����M<�.7~��&<=���-689 �4��.?��� ��.���<��,68.�JA��0���� 57<d��5A��.���� +�������5�� �������e[�������X�Y�.?���
> E <=.�5��SBC.���� �������=Y�.Q���*<�����0��������A' l �������fJ��G��57<���5���������������0�����57<=�Q�A��0��V>t��<�.�� ex p(γ02L)����������510��mBC.���0��3>��&<=.�� R1R2

����.�[8��5�
�.�[���.�_����m������57<���5A��������������]A��� ��� O J����*<�.�9�n
R1 R2 ex p[γth 2L] = 1 (2.3)

� .��*<=��57<�.�JW��.�����57<����}��0�a�/10��?6D�������f��.f��.�5�[�.f��.f� ��]A.f���}�-��6D����������� ��� ����������B��������
����57<���' l ��0�aI/10��"�=������B��*������57<=��0�����57<���5���.��"������� ����.�5����W����BC���M<=�*.�'F��5��������I��5��*<=��57<���J
/10��"���M+�5�����.��G.�BC.�57<�.�.�5����"��� �������=Y�.���.���� X-�AJ�.�0i�������AJ�.������������F��.���������� '��G�=��5���.��
��/10���X�Y�. P '�#�BC.7������.��F���M+�5����G��� .�5�����X-Y�.�B�������.������������F����������!$#�#�%(n

γth = −
1

2L
ln(R1R2) (2.4)

� 5���� γth
9�.���.7� +������ 57<�������[8��5�
�.�5�.������������"|	���D���d�=��������~M'

RT���=�{��.�5����,X-Y�.}����������������� .��*��� ��BC.�5������{���,<=0���X-Y�.}����/10A�����2Bp� �*�������=Y�.}��.���BC� 5D�
�=�������QBp� ��.�[8��5�
�.�B�������0�������� �*<=��>�����]������I� .���B��*������57<�.��A��.�5����AJp��/10�������� <�� ������5��
.���.���B��*����� 57<=.����20��������������=Y�.���.������*<=� ���A'
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2.2.2 Eq u a ç õ e s d e t a x a

§©¨�ª�«�¬Cª�­	®d¯�«�° ±7®�ª`²�³�±�´�«�³�¨�ªe²�ªeµ�³�µ*®=° «�¯e¶�¯�µ�°�­S¬Cª1²�°�µ�° ­S²�°�µ�¨ ­�³,®�ªe·1¸�¯�±7®�³,®d¯�®�³,¹�¯�«�°�±7®�°
¬pª�­2¸�«º¨�ª�±&»*¸�±7®�ª}²�°?°�·1¸�¯�¼�½1° µ2²�³,¾@°�­*°�±�¨ ³�¯�³�µ�¯�¨ ª�¬�¶�¯�²�¯�µ�¿mª�¸vµ�³�«�¬�¶�°�µ�«�° ±7®�°�° ·1¸�¯�¼�½1° µ2²�°
®d¯&ÀA¯AÁ©ÂQ° µ*®d¯vµ�°�¼�Ã�ª�¿h¹�¯�«�ª�µ�¾�¯�Ä�° ­�¸A«�¯g¯�±�Å�¶�³�µ�°i²�¯�µ�°�·7¸�¯�¼�½1° µ�²�°}®=¯&À�¯\° ±7¹8ª�¶,¹1³�²�¯�µ�±�ª
«�°�¨-¯�±�³�µ�«�ª�²�¯�¯�¼�Ã�ª�¶�¯�µ�° ­�Á

Æ ¯�­=¯e¸�«Çµ�³�µ*®�°�«�¯`¨�ª�«Ç¸�«Ç±1È�«�°�­*ª2²�°�¾@É�®�ª�±�µ
q
±�¯e¨-¯-¹D³�²�¯�²�°�¿�°4¬�¯�­�¯2¯e¬Cª�¬�¸�¶�¯�¼�Ã�ª

N1²�ªf±�Ê,¹8° ¶o¶�¯�µ�° ­�°�ÀA¨�³,®=¯�²�ª}²�ªf«�°�³�ª}²�°�Ë�¯�±�Ì�ª�¿r¬Cª1²�°�«�ª�µ�°�µ�¨ ­�°M¹8°�­�¯�µ�µ�°�Ë�¸�³�±7®�°�µ2°�·1¸�¯�¼ ½1°�µ
Í,Î�Ï&Ð(Ñ

d N1

d t
= P (t) − qBN1 − ΓN1 (2.5)

d q

d t
= −γcq + qBN1 + βΓN1 (2.6)

Ò µ2°�·1¸�¯�¼�½1°�µ2¯�±7®=° ­�³�ª�­�° µ2µ=Ã�ª{¹�Å�¶�³�²�¯�µ2¬�¯�­�¯{¸�«ÓÈ�±�³�¨ ª}«�ª1²�ª{±�ª}·1¸�¯�¶Ô¨ ª�­*­�° µ�¬Cª�±�²�°�¯
¸�«�¨-¯�«�¬Cª�²�°I­�¯�²�³�¯�¼�Ã�ª�«�ª�±�ª1¨ ­*ª�«�Å�®�³�¨-¯�¨ ª�«Õ¾@­*°�·1Ö�× ±�¨�³�¯

ωl

¿C¨ ª�«�°�µ�¬C° ¨ ®�­�ª�²�°I° ±�°�­*Ë�³�¯
²�¯�²�ª�¬Cª�­ Ñ

ρ(w) = q~ωδ (ω − ωl) (2.7)

ÂG°�¶�¯�µ�¿C¯�²�«�³,®=³�«�ª�µQ·1¸�°"µ�ª�«�° ±7®=°I¯�µQ¬Cª�¬�¸�¶�¯�¼�½1° µQ²�ª�µG±�Ê,¹8°�³�µF¾@¸�±�²�¯�«�° ±7®d¯�¶hØ
N0 Ù °I°�À1Ú

¨�³,®=¯�²�ªÛØ
N1 Ù µ=Ã�ª�­*°�¶�° ¹�¯�±7®�°�µ�¿�¯�µ�µ�³�« Ñ

N = N0 + N1 (2.8)

ª�±�²�°"ÂUÜ�ª�±1È�«�° ­*ª�®�ª�®=¯�¶m²�°"Å�®=ª�«�ª�µG±�ª�«�° ³�ª�²�°�Ë�¯�±�Ì�ª�³�±7®=° ­=¯�Ë�³�±�²�ª�¨�ª�«;ª�¨-¯�«�¬Cª�²�°
­=¯�²�³�¯�¼-Ã�ªAÁ

ÂQ¯�µI°�·1¸�¯�¼�½1° µ�¯�¨�³,«�¯A¿SªÛ¬�¯�­�´�«�°M®=­*ª
γc

­*°�¬�­*° µ�°�±7®=¯Û¯f®=¯&À�¯i²A°�¹�¯�­*³�¯�¼�Ã�ªÛ²�ªi±1È�«�°�­*ª
²�°y¾@É�®=ª�±�µ{²�° ¹1³�²�ªÞÝ�µ�¬C°�­*²�¯�µ�®=¯�³�µ�¨�ª�«�ªw®�­=¯�±�µ�«�³,µ�µ=Ã�ª�¿F°�µ�¬�¯�¶�Ì�¯�«�°�±7®�ªx°k¯�ß�µ�ª�­�¼�Ã�ª�ÁÇ§
®=° ­�«�ª

Γ
Ü�²�° à�±�³�²�ªi¨�ª�«�ª

1/τ
¿�·1¸�°�Ü�¯f®=¯&À�¯f²�°�²�°�¨�¯�³�«�° ±7®=ªi°�µ�¬Cª�±7®d´�±�° ªsØ

Γ = 1/τ Ù Á§á¬�¯�­�´�«�°M®=­*ª
P(t)

Ü"²�° à�±�³,²�ª�¨�ª�«�ª�¯�®d¯&ÀA¯�²�°"ßCª�«�ßC°�³�¯�«�°�±7®�ª�¿
β

Ü"ª�¾t¯&®=ª�­Q²�°"°�«�³�µ�µ=Ã�ª
°�µ�¬Cª�±7®=´�±�°�¯�Ø�¾t­�¯�¼�Ã�ª"²�¯2°�«�³�µ�µ=Ã�ª�°�µ�¬Cª�±7®=´�±�°�¯�·1¸�°F¨�ª�±7®�­*³�ß�¸�³�¬�¯�­�¯"¯"¯�¼-Ã�ª"¶�¯�µ�°�­ Ù °GâÞÜG¸�«
¾�¯&®=ª�­4·1¸�°e­�° ¶�¯�¨ ³�ª�±�¯?¯I®=¯&À�¯�²�°e°�«�³�µ�µ=Ã�ª?°�µ�¬Cª�±7®=´�±�°�¯A¿Dµ�°�±�²�ª?³�Ë�¸�¯�¶:Ý�·1¸�¯�±7®=³�²�¯�²�°`²�¯I®=¯&À�¯
²�°�°�«�³�µ�µ=Ã�ª{° µ�¬Cª�±7®=´�±�°-¯�¬Cª�­e³�±7®�°�­	¹�¯�¶�ª�²�°I¾@­*°�·1¸�× ±�¨�³�¯�±�ª�«�ª1²�ª�¶�¯�µ�°�­�Ø

B = Γ/p Ù ¿pª�±�²�°ã Ü�ª�±1È�«�° ­�ª�²�°"«�ª1²�ª�µG²�¯�¨-¯-¹D³�²�¯�²�°�²�°�±7®�­�ª�²�¯�¶�¯�­�Ë�¸�­�¯�°�µ�¬C°�¨M®=­�¯�¶m²�ª�«�° ³�ª�²�°�Ë8¯�±�Ì�ª�Á
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îSï�ð	ñdò�ó8ñ=ï�ô
β õ ï1ö�÷`ø�÷ ð4÷�ø�ù�ð*ú,ñ�ï�ù ï�û�ï�ü

β = 1/p
ôAý�ûþó1ÿ�û�÷�ð*ï��1ý�÷����1ý�ò�ø�÷`ø�÷�û õ ð*÷`û�÷�ó�ï�ð

�1ý�÷����	�Dý�
�ø*ñ=ú,ñ�ý�ú�ó�ö�ï�ï���ò�
�ï�ð�ö�÷
β

ó�ò�÷��1ý�ò�����ï�������ï�
Añ�÷�û�ï�øGò�ø�÷���ý�ú�ó7ñ�÷�÷�� õ ð*÷�ø�ø���ïAü
d q

d t
= −γcq + qBN1 +

1

p
ΓN1 (2.9)

ù�ï�û�ï
β

��ö�÷���ó�ú�ö�ï�ù�ï�û�ï
1/p

ôAñ=÷ û�ï�ø�ü
d q

d t
= −γcq + BN1(q + 1) (2.10)

ï�ó�ö�÷�� �"!#�%$��iïwó1ÿAû�÷�ð*ïwö�÷'&)(�ñ�ï�ó�ø�ó�ïwû�ï7ö�ï�ô4ø�÷�ó�ö�ï*�1ý�÷iïgû�÷�ø�û�ïgó1ý�ó�ù-ò\ø�÷Ûò�ó1ý�
�ò
ö�÷��Dú�ö�ï,+�÷ û�ú�ø�ø���ï�÷ ø õ ï�ó7ñ.-�ó�÷-ò"�

/Gû�ò\ò�ó102
�ú�ø�÷fö�ò�ø�÷��7ý�ò���31÷ ø�ö�÷{ñdò%��ò*����4k÷5�����vóAï\÷�ø*ñ=ò�ö�ïv÷�ø*ñ=ò�ù ú�ï�ó10�ð*ú�ï\û�ï�ø*ñ�ð�ò\ò�ø
ù-ò�ð�ò�ù ñ�÷ ð76�ø*ñ�ú�ù-ò�øe÷ ø�ø�÷�ó�ù ú�ò�ú�øQö�÷Iý�û8
�ò�ø�÷ ð��:9 ø*ñ�ï��Iï�
�ø�÷ ð;��ò�ö�ï�ó�ò��1��ý�ð�ò<����=Aô ï�ó�ö�÷"ñ�÷�û�ï�ø`ò
ò õ 
�ú�ù-ò2�>��ïÛö�ú�ð*÷ ñ=òÛöA÷�ø�ø=ò�øI÷��1ý�ò���31÷�ø��5?Q÷ ø�ø=ò'�1��ý�ð=òiø���ïÛû�ï�ø*ñ=ð�ò�ö�ï�øIïÛó1ÿ�û�÷�ð*ïÛö�÷�&)(�ñ=ï�óAø
� �"$F÷�ò�ú�ó@�8÷�ð*ø���ï�ö�÷ õ ï õ ý�
�ò��>��ïA�

N1

$Fù�ï�û�ï�&@ý�ó�����ï�ö�ò�ñ=òB��ò�ö�÷C
Cï�û#
C÷�ò�û�÷ ó7ñ=ïD� õ $��FE`ø
õ ò�ð�-�û�÷ ñ�ð�ï�ø

Pth
÷
Nth

ð*÷ õ ð*÷�ø�÷ ó7ñ=ò�ûUð*÷�ø õ ÷�ùMñ=úG��ò�û�÷�ó7ñ�÷KïH
�ú�û�ú�ò�ð�ö�ò�ñdòB�AòGö�÷I
Cï�û#
C÷�ò�û�÷�ó7ñ�ï
÷eïJ��ò2
�ï�ðhö�ò"ú�ó@�8÷�ð*ø���ïIö�÷ õ ï õ ý�
�ò�����ï?ò�ù�ú�û�ò"ö�ïC
�ú�û�ú�ò�ð��	�D÷Qú�ø�ï�
�ò�ð�û�ï�øK��ó�ò"÷��1ý�ò��>��ï������"÷
N1

ó�òQ÷��1ý�ò2�>��ïL���M4Dô�ú�ð�÷ û�ï�øÔù�ò�
�úN
�ð�ò�ðSï`ù ï�û õ ï�ð	ñdò�û�÷�ó7ñ�ï2ò�
�ò�úO�Aï`ö�ïF
�ú�û�ú�ò�ð õ ò�ð�ò õ ÷��1ý�÷�ó�ò�øñdòB�Aò�ø�ö�÷	
Cï�û#
C÷-ò�û�÷�ó7ñ�ï�ô�ú�ø*ñ�ïP��ô
qB ¿ Γ

ô&ï�ý
q ¿ p

�QE^ð*÷�ø�ý�
,ñ=ò�ö�ïGû�ï�ø*ñ�ð=ò:�1ý�÷hòFú�ó@��÷�ð*ø���ï
ò�ý�û�÷�ó7ñ=ò�
�ú�ó�÷�ò�ð*û�÷�ó7ñ�÷�ù�ï�ûÕò?ñdò%��ò�ö�÷R
Cï�û#
C÷�ò�û�÷�ó7ñ�ï��

F ig u r a 2.4: D e p e n d ê n c ia d o e s ta d o e s ta c io n á r io c o m o n ú m e r o d e f ó to n s (q ) e a in ve r s ã o

d e p o p u la ç ã o (N1) e m f u n ç ã o d a ta x a d e b o m b e io (P ), Pth é o lim ia r la s e r e Nth é o va lo r

d a in ve r s ã o a c im a d o lim ia r [15].
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aHb7b7cNd'e�fhg�d,i�j�k�f�l�cNm>n�k�l�oLo�b;p�i�l�k�o�b;p�i�j�cNk�f1q�r;cNk�e�k�s"p7o�d�k�bPk�b:b7o�t�g�cNf@p7o�b:r;o�b7g�uGp�i�l�k�b�v

N1 =
P

Γ
; q =

N1

Nth − N1

(2.11)

j�k�d
Nth ≡ γc/Bw8x i�r7y�d�o�p7r7k

Nth z i{r�i2|>n�kDo�f@p7r7o}i�b~p�iB��i�b�l"o x o�r;l1i�b�o}i{p�iB��i{l�o}t�o�r�i2m>n�k x k�r
x i�r;p7�Nj�g�u�i�o��"j�cGp�i�l1i�f�k�d�o�cNk�l�o�t�i�f���k��JaFb7b7cNd'e�b7o�i x r;k>�"cNd,i2r7d�k�b

N1

l�o
Nth

p7o�d�k�bLi
p.iB�"i�l�oRs�k�d#s�o�i�d�o�f@p7k�f�o�j�o�b7b�q�r7c�i x i2r�i�k�cNf��Nj�cNk�l1i�i�m�n�k�u�i�b7o�r�e�k�g5b7o��7i"v

Pth =
Γγc

B
(2.12)

w s"b7o�r^��iB��b7oJ�hg�oRf�o�b7b7oJuGcNd�cGp�o<�
N1 → Nth � k,fh��d�o�r;k,l�oR�)��p7k�f�b#�)� � i2g�d�o�f@p�i�d#g�cGp7k

r�i x cNl1i2d�o�f@p7o:o:iLb�i2p7g�r7i�m>n�kLj�k�d�o�m>iRiRiB�)o�p�i�r	i�cNf@�Uo�r;b�n�kRl�o x k x g�u�i�m�n�kLp�n�kRuNk�t�kR�hg�o
q ∼

p
�K��k�f�b7o��hg�o�f@p7o�d�o�f@p7o�e��hg1i�f�l�k�k,fh��d�o�r7k�l�oL�)��p7k�f�b

q À 1
e x khl�o�d�k�bPl�o�b7j�k�f"b7cNl�o�r7i�r:k

��iBp�k�rH�Hf1iJo��hg1i�m�n�k~���N���"e�i�b7b7cNd��Uo�r7cG�1j�i�f�l�kC�@g�oHkCo�b;p�i�l�kJo�b;p�i�j�cNk�f1q�r7cNkJf1n�kCl�o x o�f�l�oHl1i
p.iB�"i�l�oRs�k�d#s�o�i�d�o�f@p7k��

� i~o��hg1i�m�n�k����M�Ck�s�b7o�r^��i2d�k�b��@g�o�k�fh�"d�o�r;k�l�oF�)�2p�k�f"b:i�g�d�o�f@p.i#uNcNf�o�i�r;d�o�f@p7o�j�k�d�i
p.iB�"i�l�oRs�k�d#s�o�i�d�o�f@p7k�e1�H��p � v

N1 =
γc

B
; q = p (

R

Rth

− 1) (2.13)

� o�b;p7oHj>i�b;k�e@p�o�d�k�bI�hg�oFiJj�k�f�b;p�i�f@p7o
Nth

r7o�b7g�uGp�iJl�oHg�d o��hg�cNuN�Ns�r;cNkCo�f@p7r7oFiJo��"j�cGp�i�m�n�k
x o�uNkR�)o�cO�"oPl�oPs�k�d#s�o>i�d�o�f@p7kJoHiRf1n2kJo��"j�cGp.i2m>n�k x k�r	l�o�j>i�cNd�o�f@p�kRcNf�l�g�|�cNl�k"e@g�d x r7khj�o�b7b7k
j��1i�d,i2l�k�l�oRb�i2p7g�r7i�m>n2k�l�oRtUi�f���k"�

a¡�1t�g�r7i}���£¢<d�k�b;p7r�i�k�fh��d�o�r;k�l"o#�)��p7k�f�b�¤,o�d¥�)g�f�m�n�k�l1i,p.i%��i<l�o#s�k�d#s�o>i2d�o�f@p7k
¦L§�¨O© ��ª:o�b7k�uG�Uo�f�l�k5i�bRo��hg1i�m�«ho�bRl�o�p.i%��i¬������­ � o®�����N�>� � e¯k�s"p7o�d�k�bJk'fh��d�o�r;k'l�o��)�2p�k�f�b
r7o�b x k�f�b�q>�Uo�cNb x o�u�i°o�d�cNb7b�n�k±u�i�b7o�r�e�j�gB�;k²uNcNd�c�i�r z j>i2r�i�j�p�o�r;cN|>i�l�k x o�uNk x i�r7y�d�o�p�r;k

Pth

�
� o�b;p�i��1t�g�r�i"e��Uo�r;cG�1j>i�d�k�b��hg�o

β
l�o�p7o�r;d�cNf1i�i<i�t�g�l�o�|>i<l�o�b;p�o#uNcNd�c�i�r�e³b7o�f�l�k<o�b7b7oC��iBp�k�r

i~�)r�i�m�n�k�l1i�r7i�l�c�i�m�n�k�o�b x k�f@p.y2f�o>i��hg�oLj�k�f@p7r;cNs�g�c x i�r7i�i�i�m>n2k�u�i�b7o�r��
aHf1i�uNcNb�i�f�l�k}i<d�o�b7d,i��1t�g�r�i�e�k�s�b7o�r^��iB��b7o~�hg�o�i<j�g�r;�2i2p�g"r�i x i2r�i

β ´ �<d#g�l1i x i�r7i
g�d,i*p7r7i�f�b7cNm>n�k¬d�o�f�k�b�i�j�o�f@p7g1i�l1i x i�r�i*d,i�cNk�r7o�b���i�uNk�r7o�b<l�o

β
e�d,i�b z uNcNd�cGp�i�l1i x o�u�i

p�r7i�f�b7cNm�n�k�b7o�d�uNcNd�c�i2r�e�k�g'b7o���i
q ∝ P (t)

x i�r7i
β ´ ���

aµ�)r�i�m�n�k{l1i5r�i2l�c�i�m>n2k{o�b x k�f@p.y�f�o�i"eQ�hg�o�j�k�f@p�r;cNs�g�c x i2r�i{i2m>n�k®u�i�b7o�r z j��1i�d,i2l�k{l�o
��iBp�k�r

β
�·¶�g1i�f�l�k

β ´ �:f1n�kLp�o�d�k�b	iRj�k�f@p�r;cNs�g�cNm�n�kJl1iLo�d�cNb7b�n�kJo�b x k�f@p�y�f�o>i x i�r7iRiJi2m>n�k
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Â�Ã�Ä7Å�Æ�Ç�ÈHÃ}É�Ê�Ë�Ä;Ì7Æ7Í"Î>Ï�Ê'Ð�Å�Í�Ñ,Ã}É>Ã>ÒhÓNÐ1Ã�Ð�Å�Â�Ã�Ä7Å�ÆRÅ�Ä7Ä7Å�Ô1Ã�Æ7Õ�Ñ�Å�Ì�Æ;Ê'Ö�Ð�Å�×�Æ7Ã�Ë�Ð�Å�ÓNË@Ì�Å�Æ7Å�Ä7Ä7Å�Ø
Ð�Å�Ò�ÓNÐ�Ê¬ÃÙÔ�Ê�Ä7Ä7ÓNÚ�ÓNÂNÓNÐ1Ã�Ð�Å5Ð�Å'É�Ê�Ë�Ä7Å�×�Í�ÓNÆ,Å�Ñ�ÓNÄ7Ä�Ï�Ê*Â�Ã2Ä7Å�Æ,Ä7Å�ÑÛË�Å�É�Å�Ä7Ä7ÓNÐ1Ã�Ð�Å'Ð�Å5ÂNÓNÑ�Ó�Ã�Æ�É�Ê�Ñ
β = 1

ÇÜÈHÅ�Ä;Ì�ÅLÉ>Ã�Ä7Ê�Ì7ÊhÐ1Ã�Ã�Å�Ñ�ÓNÄ7Ä�Ï�Ê�Å�Ä7ÔÝÊ�Ë@Ì.Õ2Ë�Å>Ã�ÖRÓNÆ;Æ7Ã�Ð�Ó�Ã�Ð1Ã�Ô1Ã2Æ�Ã�Ê�Ñ�Ê@Ð�Ê�Â�Ã�Ä7Å�Æ�Ç

F ig u r a 2.5: N ú m e r o d e f ó to n s (q ) e m f u n ç ã o d a ta x a d e b o m b e a m e n to (P ), m o s tr a n d o a

d e p e n d ê n c ia d o lim ia r la s e r Pth c o m o p a r â m e tr o β, q u e d e te r m in a o va lo r d a in te n s id a d e

lim ia r [15].

ÈPÅ�Ä;Ì7Å*É>Ã2Ô�ÞGÌ�Í�ÂNÊßÃ2Ô�Æ7Å�Ä7Å�Ë@Ì�Ã�Ñ�Ê�Ä®Ã�Ä5É�Ã�Æ7Ã�É�Ì7Å�Æ;ÞNÄ;Ì7ÓNÉ>Ã�Ä5Ú1à�Ä7ÓNÉ�Ã�Ä5Ð�Ê²Â�Ã�Ä7Å�Æ5É�Ê�Ë@ÒUÅ�Ë�É�ÓNÊ�Ë1Ã�Â�Ø
Ð�Å�Ä;Ì�Ã�É>Ã2Ë�Ð�ÊDÃ�ÂN×�Í�Ñ,Ã�Ä#Ð�Å<Ä7Í1Ã�Ä#Ô�Æ;ÓNË�É�ÓNÔ1Ã2ÓNÄ~Ô�Æ;Ê�Ô�Æ;ÓNÅ�Ð1Ã2Ð�Å�Ä�ÇDÈHÊ{Ô�Æ;á>â"ÓNÑ�Ê{É�Ã�Ô�ÞGÌ7Í�ÂNÊ®Ò�Ã�Ñ�Ê�Ä
Ã�Ô�Æ7Å�Ä7Å�Ë@Ì�Ã�Æ:Ã�Ä:Ô�Æ;ÓNË�É�ÓNÔ1Ã�ÓNÄ:Ô�Æ;Ê�Ô�Æ;ÓNÅ�Ð1Ã�Ð"Å�Ä�ã)ÞNÄ7ÓNÉ>Ã�Ä:ÅRä@Í�ÞNÑ�ÓNÉ>Ã�Ä:Ð�Ê�ÄPÉ�Ê�Æ7Ã�Ë@Ì7Å�Ä:Ê�Æ;×UÕ�Ë�ÓNÉ�Ê�Ä�Ç



C a p ít u lo 3

G e n e r a lid a d e s s o b r e c o r a n t e s o r g â n ic o s

3.1 In t r o d u ç ã o

å�æ~ç�è�é7ê�ë@ì7í�æ�è�é7îUï2ë�ðNç�è�æ�ç�è�ñ�í�ò>ê�é7ê�ñóê{æ7í�é~ô�æ�ê�õ�è�æ�ç�è�ñ�èAñ�í�ðNèAõ�í�îUê�ë�ö�èAë�èDðNë�÷Nç�ðNè
õ1êAõ�ø�ç�ê�õ1êAõ�í5ù�ú"ûIüNè�î�èÙý�þ�è�æ,êAõ�í�æ7ç�è�ÿ�í�é^ì�êAõ�èÙü�ê�æ7í�é�õ�í}é7ô�ÿ�ð��²å�æ�þ�é;ðNñ�í�ðNé;è�æ�í�æ;ì�ô�õ�è�æ
í � þ�í�é;ðNñ�í�ë@ì.ê2ðNæHþ�ê�é�ê�æ7íJç�è�ë�æ7í�î�ô�ðNéPü�ê2æ7í�é;æHõ�íJç�è�é7ê�ë@ì7í�æ��)è�é7ê�ñ é7í�ê�üNð��>ê2õ�è�æPþ�è�é��hì7èhç
	Bê�ñ,ê�ë
�
��� û1í�ñ ñ�í�ê�õ�è�æPõ�í�����ù��"û ô"ì7ðNüNð���ê�ë�õ�è,þ�í�é7ðNüNí�ë�è,ç�è�ñ�è,ñ�í�ðNè,ê2ì�ð���è����Üæ7æ�ê�í � þ�í�é;ð���ë�ç�ð�ê�ë���è
ê�þ�é7í�æ7í�ë@ì7è�ôßé;í�æ7ô�üGì�ê�õ�è�æ<æ7ðNî�ë�ð��1ç>ê2ì7ð��Uè�æ�û�õ�í���ðNõ"è! *ÿ1ê�ð � ê*í"�1ç�ð���ë�ç�ð�ê*õ�í$#1ô�è�é7í�æ7ç%��ë�ç�ð�ê*õ�è
ç�è�é7ê�ë@ì7í&�

�Üñ'�%��ù�ù"û(��è�é;è&	hðNë°í*) ê�ë�	2ê�é;õ �
��� ç�è�ë�æ7í�î�ô�ðNé7ê�ñ è�ÿ"ì7í�é~þ�í�ü�êDþ�é;ðNñ�í�ðNé�ê+��í%��í�ñ�ðNæ7æ,��è
í�æ;ì7ðNñ#ô�ü�ê�õ1ê�í�ñ¥ç�è�é7ê�ë@ì7í�æFè�é;îUï�ë�ðNç�è�æ�ç�è�ñ è<ç�è�ñ�þ�è�æ;ì�è<ç�üNè�é7è.-�ê2üNô�ñ�÷Në�ðNè.-/��ì.ê2üNèhç�ð�ê�ë�ðGë1ê0�21Hè
ñ�í�æ7ñ�èDê�ë�è�û43	è�ü���í<í<ç�è�ü�ê�ÿ�è�é7ê�õ�è�é;í�æ �
��� ñ�è�æ;ì�é7ê�ñ65hô�í<ø<þ�è�æ7æ7÷��Uí�ü(� ê.��í�é~ê{æ7ðNë@ì7è�ë�ð�ê®õ�è
ç�è�ñ�þ�é;ðNñ�í�ëUì�è'õ�í,è�ë�õ1ê'ê2ì7é�ê%�Uø�æJõ1ê7��ê�é;ð�ê�ò%��è5õ1ê}ç�è�ë�ç�í�ë@ì7é�ê2ò���è'ñ�è�ü�ê�éRõ�è5ç�è�é7ê�ë@ì7í&�8�Üñ
����ù � û4�hè�9Ýí�éRí;:5ç=< ê2é7ü�ê�ë�õ �
��� þ�ô�ÿ�üNðNç�ê�é�ê2ñ ô�ñ ðNñ�þ�è�é^ì.ê�ë@ì7í�ì7é�ê2ÿ1ê�üNö�è�û¯è�ë�õ"í���í�é;ð��1ç>ê�ñ
í � þ�í�é;ðNñ�í�ë@ì.ê2üNñ�í�ë@ì7í}ô�ñ í�æ;ì�é;í�ðGì�ê�ñ�í�ë@ì�èAç�è�ë�æ7ðNõ�í�é�ý���í�ü�õ1êDü�ê�é;î�ô�é7êDõ�í}üNðNë�ö1ê?>)õ�í'ùDþ1ê2é�ê
ú"û�ú�ùCë�ñ=@	íHæ7ðNë@ì�è�ë�ð�êCç�è�ë@ì�÷Nëhô1êJí�ñA�CB�úCë�ñ'ûhç�è�ñ è#ô�æ7è#õ�íHé7í�õ�íFõ�íHõ�ð��)é�ê2ò���èCë1êCç>ê��hðNõ1ê�õ�í
é7í�æ7æ7è�ë1ê�ë@ì7í&�

D þ1ê2é;ì7ðNéDõ�í�æ;ì7í�æ{ì7é�ê2ÿ1ê�üNö�è�æ�û#ö�è�ô0�Uí�ô�ñ ç�é7í�æ7ç�í�ë@ì7í ðNë@ì7í�é;í�æ7æ7í�ë�è õ�í�æ7í�ëE�Uè�ü���ðNñ�í�ë@ì7è
õ�í�æ;ì7í�æÜü�ê�æ7í�é;æIêBì�é7ê��Uø�æ	õ�èJê�þ�í�éF�)í�ðGò�èUê�ñ�í�ë@ì7èJõ�í:æ7ðNæ;ì7í�ñ,ê2æ	õ�í:ÿ�è�ñ#ÿ�í�ê�ñ�í�ë@ì7è�ûUñ�èhõ�ð��1ç>ê�ò�Ghí�æ
ë1ê'í�æ;ì7é7ô"ì7ô�é7ê'õ1ê'ç>ê���ðGõ1ê�õ�í,é;í�æ7æ7è�ë�ê�ë@ì�í�í,ë1ê'æ7÷Në@ì7í�æ7í,õ�í�ë�èH�Uè�æJç�è�é7ê�ë@ì�í�æ%�7IFí�æ7õ�í,í�ë@ì,��è�û
ô�ñóî�é�ê�ë�õ�í�ëKJ�ñ�í�é;èAõ�í}ç�è�é7ê�ë@ì7í�æ~ìL��ñ æ7ðNõ�èAô�æ�ê�õ�è�æ�ç�è�ñ�èAñ�í�ðNèAõ�í}îUê�ë�ö�è"û	æ7í�ë�õ�èM5hô�í
è�æ~ñ�í�æ7ñ�è�æ~þ�è@õ�í�ñ æ7í�é#ô�æ�ê�õ�è�æ#ë1ê$� è�é7ñ,ê®æLN�üNðNõ1ê®í<üN÷�5hô�ðNõ1ê®þ�í�é;ñ�ðGì�ðNë�õ�è{ç�í�é^ì�è{ç�è�ë@ì7é;è�üNí
æ7è�ÿ�é7í'ê�æ�þ�é7è�þ�é7ðNí�õ1ê�õ�í�æ�õ�í'ê�ñ�þ�üNð��1ç>ê2ò���èAí'ê�ÿ�æ7è�é;ò���è0�?IFí�þ�è�ðNæ�õ1ê+�Uí�é;ð��1ç>ê�ò%��èAõ1êÙê2ò���è
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_a`�bLc%dec%fhg�i&d,`.jEk,c�bli&dFmCn�j�o�g�i&b%pq`�kLc%g�j�i&_�i&m&oa`�r�i&blg%i&dL`�jEkLc%blbLcsr�c%bLc%jEt&i&_�tCc�uvd,`.w�o�r�`�f�c%jEkLc&p
w�dLo�j�g�o�w�`�_�f�c%jCk,c2j�iyx�j�`�_zr�`yr�{%g%`�r�`yr�cs|�}yc~j�i&be`�j�i�b��.}ycs�&}0�

� f�w�i&dWk�`.jEk,c�b���`�k,i&dFc%b(x��%c�d,`.f�g%i�f��Ku�c���i&u0t&c%bLbLc�u�f�dL��w�o�r�i�r�c%bLc�jEtCi&_�tKo�f�c%jEkLi�j�c%bLbLc
k,o�w�i�r�c�_a`�bLc%d���i�c�bFk,u�r0i�w�dLo�j�g�o�w�`�_�f�c�jEk,c�j�`�c%_�c"k,dF�&j�o�g%`��Ku�n�jEkLo�g�`�r�c�bLbLc%b�g%i�d,`.jEk,c�b%p�`�bLbLo�f
g%i&f�i�`�b4r�o�tCc%dFb,`�b�`�w�_�o�g%`��%�Ec%b�`�w�`�dFc%g%c�j�r�i�j�`e����bLo�g�`0p��Ku���f�o�g%`�c���o�i�_�i&m&oa`0���v`�b�`lw�dFo�j�g%o�w�`._
g�`�dL`�g�kLc�dL��bFkLo�g�`*c�bFk��*j�`*w�i&bLbLo���o�_�o�r�`.r�c=r�c=m&c�d,`�d~_�u��=g%iEc%dFc%jEkLc=g%i�f���dFc%�K����j�g%oa`*dFc%m&u�_a�%tCc%_
c%fAu�f=`s_a`�dFm&u�dL`�r�cl��`�j�r�`�c�bLw�c%g"k,dL`�_���_�i&m&o�g%`�f�c�jEk,clc%bLb,`�� bLo�jEk,i&j�o�`�¡er�i�g%i�f�w�dLo�f�c�jEkLi�r�c
i&j�r�`y{~_�o�f�o�k,`�r�`yw�c�_a`�¢�u�i&dFc%bLg��%j�g%oa`�r�i�g%i&dL`�jEkLcH£
�

¤ b�_a`.bLc%dFb�r�clg%i&dL`�jEkLc�b,¥�i�c�j�g%i&jEkLdL`�r�i&b�j�i&b�f=`.o�b�r�o�tCc�dFbLi&b�_�iKg�`.o�b%p¦g%i&f�i�_�`���i&d,`�k,§�dLo�i&b
r�c¨§&w0kLo�g�`¦p©c%bLw�c�g�kLdLi�bLg%i&w�oa`¦pª��i�kLiK�Ku���f�o�g%`«i&u?`�o�j�r�`+bLc%w�`�dL`��%¥�iMo�bLi�kL§&w�o�g%`0¬(k�`�f���{%f­b,¥�i
® k,c�o�b�c�f�w�dLiEg%c%bLbLi�b�o�j�r�u�bWk,dFoa`�o�b%p4`�bLbLo�f�g�i&f�i$c%f�g�_���j�o�g�`�bsr�c�kLdL`.k�`.f�c%jEkLiv`*_a`�bLc�d;¯�°H±�²/�
³ bLbLc%b�_a`�bLc%dFb�r�cYg%i�d,`�jEkLcYw�iKr�c�f´bFc%d�g�i&j0��c%g�g%o�i&j�`.r�i&bªj�`���i�dLf=`�_����Ku�o�r�`�cYbL§�_�o�r�`=��f=`.kLdFo��%c%b
wqi�_�o�f�{%dFo�g�`.b�£zr�i&w�`�r�i�bµg�i&f¶g�i&dL`�jEkLc%b·_a`�bLc%dFb%� ¤ u�bLier�c%bLbLcªkLo�w�ier�c©bLo�bFk,c�f=`Yk,i&dFj�i&u¦¸¹bLc©u�f=`
`.k,dL`.kLo�t�`v`�_�kLc%dFj�`.kLo�t�`vw�`.d,`$i&b�_a`�bLc�dLb�r�c8g�i&dL`�jEk,c�b�_����Ku�o�r�i�b%�+ºei+c%jEk,`�jEkLi�p���i�u0tCc;w�i&u�g%i
o�jEk,c�dLc�bLbLc�j�c%bLbLcYk,o�w�i~r�cebLo�bFkLc%f=`¦pEr�c�t¦o�r�is»~��`.o½¼�`~c"x�g%o���j�g%oa`2_a`�bLc%dªce`�_�k,`2��i�kLi.¸¹r�c%m&dL`�r�`.��¥�i
r�`�b2f=`.kLdLo���c%b2w�i&_�o�f�{�dLo�g%`�b%pzdLc�bLu�_�k,`�j�r�i¨j�`7w�u���_�o�g%`���¥.i¨r�cyw�i&u�g�i&b�k,dL`���`._���i&b2bLi&��dFcyc%bFkLc
k,c�f=`0�

¾ t�`�jCk�`�m�c%f¿r�c8bLc8u0kLo�_�o���`�d�_a`�bLc�dLb�r�c7g�i&dL`�jEkLc7j�`$��i&dFf=`+_����Ku�o�r�`+{8�Ku�c8i«f�c�o�i«r�c
mC`�j���i�dFc%bLu�_�k,`�jEkLc~{~r�cs`�_�k�`y�Ku�`._�o�r�`�r�c~�Ku�n�jEkLo�g�`yr�c~c�f�o�bLb,¥�i�p�cs`�w�dFc%bLc�jEk�`�k,`�f���{%fÀ��iC`
c%bFk,`���o�_�o�r�`�r�c=r�`�b�`�f�i&bFkLdL`�b%p4r�o���c�dLc�jEkLc%f�c%jCk,c=r�`�bsf=`.kLdLo���c%bsw�i&_�o�f�{%dFo�g�`.b�i&j�r�c=i&bsr�`�j�i�b
b,¥�i8w�c%dFf=`�j�c�jEk,c�b�o�jEkLdLiEr�u��%o�r�i&b�w�c�_a`;c%j�c�dLm�oa`;r�c���i&f���c%`�f�c�jEk,i�� ¤ u0k,dFi;��`.kLi&dlr�c�bLu�f=`
o�f�w�i&dFk,n�j�g�oa`;{�i8bLi&_�tCc�jEk,c�u0kLo�_�o���`�r�i;w�`�dL`;r�o�_�u�o�dli8g�i&d,`.jEk,c�pqw�i&o�b�c�bFkLc�`�w�dFc%bLc�jEk�`=c���c�o�k,i�b
g%i&j�bLo�r�c�d,�%tCc%o�b�j�`+c�f�o�bLb,¥�i«_a`�bLc%d�r�c%bLbLc�byg�i&f�w�i&bFkLi&b%�ÂÁ4i�dFk,`�jEkLi�p©`+c�bLg%i&_���`«r0iMbLi�_�tCc%jEkLc
r�c%w�c%j�r�c2r�`ybLi&_�u���o�_�o�r�`.r�c~c~c�x�g%o��%j�g�oa`y�Ku�n�jEkLo�g�`�r�i�g%i&dL`�jEkLc~j�c�bLbLc~bLi&_�tCc�jEkLc&�

3.2 C a r a c t e r ís t ic a s b á s ic a s d o s c o r a n t e s

Ã i&dL`�jEk,c�bªb,¥.i~g%i�f�w�i&bFkLi&bª�Ku���f�o�g�i&bªg%`�dL`�g�kLc%dFo���`.r�i&bªw�i&d�w�i&bLbLu���dFc%fÄu�f=`2_a`.dLmC`���`�j�r�`
r�cl`���bLi�dL�%¥�iscY¢�u�i&dFc%bLg��%j�g�oa`0pEr�`2i&dLr�c�fÅr�c~°�}s`y°�}&}2j�f*� ³ f´��`�o½¼0`�b©r�isc�bLw�c%g"k,dFisc�_�c�kLdLi�¸
f=`�m&j�{"k,o�g�i�p4�Ku�c�t�¥.ivr�c�bLr�c;i$u�_�kLd,`�t¦o�i�_�c�k,`v`.ivo�j0��dL`�tCc�dLf�c�_���i�p4r�c�w�c%j�r�c�j�r�ivr�i$g%i&dL`�jEkLc
c8r�i«bLi�_�tCc%jEkLc8u�b,`�r�i0� ¤ b�g�i&d,`.jEk,c�b�u0kLo�_�o���`.r�i&b�w�`�d,`v_a`�bLc�dLb�b,¥�i+g�i&f�w�i&bFkLi&b�w�i�d���o�r�dLi�¸
g�`�dF��i&j�c�kLi&b�c;bLc%u�b�r�c%dFo�t�`�r�i&b%p4i&u!bLc ÆL`vg�i&jEkL�%fÇc%fÇbLu�`vc�bFk,dFu0kLu�d,`$�Ku���f�o�g%`+�.kLi&f�i�b�r�c
g�`�dF��i&j�i�� ³ bFk,c�b�g�i&f�w�i&bFkLi&b�w�i&bLbLu�c�fÄu0fÄbLo�bFkLc�f=`�r�c�_�o�mC`��%¥�i�g%i�j�ÆFu�mC`�r�`0p�o�bFk,i�{�p&_�o�mC`.�%�Kc�b
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ÓLÔ�Õ�Ö�×�Ø%Ó�Ø~Ù�Ú�Ö�×aÛ.ÓlÛ.×�Ü,Ø�ÝLÞ�Û.Ù�Û�Ó%ß
C == C − C == C − C (3.1)

à Óe×�Ô�áCÛ�â�ãKØ%ÓeÓLÔ�Õ�Ö0×�Ø%ÓeÓ,ä�åyæ�å&ÝFÕ=Û�Ù�Û�ÓeÖ�å&Ý�Ø�×�ç�ÜLÝLå�Þ�Ó σ è Ø�Û.ÓeÙ�Ú�Ö�×aÛ�ÓlÛ�×�ç�ÕéÙ�Ø~Ö�å&ÓLÓLÚ�ê�ÝFØ%Õ
Ø%×�ç�ÜLÝFå&Þ�Ó σ Ö�å&ÓLÓLÚ�Ø�ÕÄÜ�Û�Õ�ë�ç%Õ´Ø%×�ç"Ü,ÝFå&Þ�Ó π ß�ì�Û�í�á�Ú�Ý,Û~î¦ß�ï�Õ�å&ÓFÜLÝ,Û�Õyå&ÓªÚ�Õ=Û2ÝLØ�Ö�ÝLØ�ÓLØ%ÞEÜ,Û�â%ä�åØ%ÓLðKÚ�Ø�Õ=ñ.Ü,Ô�ò�ÛyÙ�å&Ó�Ù�å&Ô�ÓYÜLÔ�Ö�å&Ó�Ù�Ø~×�Ô�á&Û�â%ãKØ�Ó�Ø%ÞEÜLÝLØ2å&Ó�å&ÝFë�Ô�Ü�Û.Ô�ÓeÙ�Û.ÓeÕ�å�×�ç%ò�Ú�×aÛ�Ó�ó σ Ø π ô ß

F ig u r a 3.1: E s q u e m a d o s d o is tip o s d e lig a ç õ e s e n tr e o s o r b ita is d a m o léc u la d e c o r a n te .

à Ó;×�Ô�áCÛ.â%ãKØ�Ó σ Ó,ä�åõæ�å&ÝFÕ=Û�Ù�Û�Ó=Ö�å&Ý=Ø�×�ç�ÜLÝLå�Þ�Ó σ ðKÚ�Ø$Ö�å&ÓLÓLÚ�Ø%Õöæ�Ú�Þ�â�ä.å÷Ù�Ø$å�Þ�Ù�ÛÂò�å&Õ
ÓLÔ�Õ�Ø�ÜLÝLÔaÛ8ÝFå�Ü,Û�ò%Ô�å�Þ�Û�×�Ø�ÕøÝFØ�×aÛ�â�ä�å¨ù8Ù�Ô�ÝFØ%â�ä.å¨Ù�Û7×�Ô�á&Û�â�ä�å0ß�ú�Ó2Ø�×�ç�ÜLÝLå&Þ�Ó π ÓLØ�ò�Û�ÝLÛ�ò"Ü,Ø�ÝLÔ�û%Û�Õ
Öqå�ÝµÜLØ%ÝFØ%ÕüÚ0Õ=Ûeæ�Ú�Þ�â�ä�ålÙ�Ø�å&Þ�Ù�Ûeò%å&ÕüÚ�ÕüÞ�åEÙ�å�Þ�å�ÞKý�ò�×�Ø%å�Ø(ÓLÔ�Õ�Ø�ÜLÝLÔaÛeÝLå.Ü�Û�ò�Ô�å&Þ�Û�×¦Û.å�×�å&Þ�á&å
Ù�Û8×�Ô�Þ�þ�Û;Ø%ÞEÜLÝLØ�å8ÞKý�ò%×�Ø�å7Ø�Û8Þ�å�ÝLÕ=Û.×�Û�å7Ö0×aÛ�Þ�å8æ�å&ÝFÕ=Û�Ù�å8Ö�Ø%×�å&Ó�å&ÝFë�Ô�Ü�Û.Ô�Ó�Ù�å&Ó�Ø�×�ç�ÜLÝLå�Þ�Ó σ ßà ÓLÓLÔ�Õ è å�Ó�Ø�×�ç�ÜLÝLå�Þ�Ó π ÓLØsÕ�åHÿ¦Ô�Õ�Ø%ÞCÜ�Û�Õ��"ðEÚ�Û�ÓLØ�×�Ô�ÿ¦ÝFØ%Õ�Ø�ÞEÜ,Ø��"Ö�Ø�×aÛ;ò%Û�Ù�Ø�ÔaÛ=Ù�Ø�ñ.Ü,å�Õ�å&ÓlðKÚ�Ø
æ�å�ÝLÕ=Û.Õhå=á&ÝFÚ�Ö�å=ò%ÝFå&Õ���æ�å�ÝLå è ðKÚ�ØsÓ,ä�å=å&ÓeÝLØ�ÓLÖ�å&Þ�Ó,ñ�ÿCØ�Ô�ÓeÖ�Ø%×aÛ=Û�ë�ÓLå&ÝFâ�ä.å;ØsØ�Õ�Ô�ÓLÓ,ä�å=Ù�Øs×�Ú�ûðKÚ�Ø~ò�Û.Ý,Û.ò�ÜLØ%ÝFÔ�û�Û�ÕéÛyÕ�å�×�ç%ò�Ú�×aÛ0ß

à Ó©ò�Û�ÝLÛ�ò"Ü,Ø�ÝLê�ÓFÜLÔ�ò�Û.Ó©Ù�å&Ó©ò%å�Ý,Û�ÞEÜLØ%Ó©Û�ë�ÓLå&ÝWÿCØ%ÝFØ%Õ´ØeØ%Õ�Ô�ÜLÔ�ÝFØ%ÕÅ×�Ú�û�Ó,ä�åsÙ�Ø"Ü,Ø�ÝLÕ�Ô�Þ�Û.Ù�Û�Ó©Ö�Ø%×aÛ
Ö�ÝLØ�ÓLØ%Þ�â%Û$Ù�Û$ò�Û.Ù�Ø%ÔaÛ$Ù�Ø;ñ.ÜLå&Õ�å&Ó�ò�å&ÕÇ×�Ô�áCÛ�â�ãKØ%Ó�ÓLÔ�Õ�Ö�×�Ø�Ó�Ø;Ù�Ú�Ö�×aÛ.Ó�Û�×�ÜLØ%ÝFÞ�Û�Ù�Û�Ó è ò�þ�Û�Õ=Û�Ù�ÛÙ�Ø�á&ÝLÚ�Ö�å;ò�ÝLå&Õ��.æ�å&ÝFå�ß à Ù�Ô�ÓFÜLÔ�Þ�â�ä�å;Ø�ÞEÜ,ÝFØ�å&Ólò%å&ÝLÛ�ÞEÜLØ%ÓlÙ�Ø�Ú�Õ=Û;Õ�Ø�ÓLÕ=Û�æ�Û�Õ�ê�×�ÔaÛ=çsæ�Ø�Ô�Ü,Û8Û
Ö�Û�ÝFÜLÔ�Ý�Ù0Ø�Ý,Û�Ù�Ô�ò%Û�Ô�Ó�ðKÚ�Ø�ÓLØ�×�Ô�áCÛ.ÕøÛ.å8á&ÝLÚ�Ö�å8ò�ÝLå�Õ���æ�å&ÝFå8ò%å&Õ�Ö�×�Ø"Ü�Û.Þ�Ù�å7Û8Õ�å�×�ç%ò�Ú�×aÛ è Ø�ðKÚ�ØÓ,ä�å�Ù�Ô�æ�Ø%ÝFØ%ÞEÜLØ�ÓeØ�ÕÀò�Û�Ù�Û�ò%å&ÝLÛ�ÞEÜLØ~Ù�ÛyÕ�Ø�ÓLÕ=Û�æ�Û�Õ�ê�×�ÔaÛ0ß

à Ô�Õ�Ö�å&ÝWÜ��.Þ�ò%ÔaÛ!Ù�Ø%ÓFÜ,Û�Ó¨×�Ô�á&Û�â%ãKØ�Ó¨ÝFØ%ÓLÔ�Ù�Ø«Þ�å!æ�Û.Ü,å Ù�Ø«ðKÚ�Ø«å&Ó¨ò�å&Õ�Ö�å&ÓFÜLå&Ó¨ÓLØ�Õ'Ø�ÓFÜ�Û�Ó
×�Ô�áCÛ�â%ãEØ%Ó�Û.ë�ÓLå&ÝFÿ&Ø%ÕhØ�ÕhÖ�Ø%ðEÚ�Ø%Þ�å&Óeò%å&Õ�Ö�ÝFÔ�Õ�Ø�ÞEÜ,å&ÓeÙ�Ø�å�Þ�Ù�Û+ó λ < ï��
	�Þ�Õ ô å&ÓlðKÚ�Û.Ô�Ólò%å�Ý��ÝLØ�ÓLÖ�å&Þ�Ù�Ø%ÕAÛ�Ú�Õ=ÛsØ�Þ�Ø%ÝFá&ÔaÛsÕ=Û�Ô�å&Ý(ðKÚ�Ø�ÛsØ%Þ�Ø%ÝFá&ÔaÛsÙ�ØlÙ�Ô�ÓLÓLåKò%ÔaÛ.â�ä�å�Ù�ÛsÕ=Û�Ô�å&ÝFÔaÛ�Ù�Ûs×�Ô�áCÛ�â�ãKØ%Ó
ðKÚ�ê�Õ�Ô�ò�Û�Ó è ÝFØ%ÓLÚ�×�Ü,Û�Þ�Ù�å�Þ�Û�Ù�Ø%ò�å&Õ�Ö�å&ÓLÔ�â�ä.å�æ�å�ÜLåKðKÚ�ê�Õ�Ô�ò%Û�Ù�Û�Õ�å&×�ç�ò%Ú�×aÛ0ß�
�Ø"ÿ¦Ô�Ù�åyÛ�Ø%ÓFÜ,Û�Ö�ÝLå��Ö�ÝLÔ�Ø�Ù�Û�Ù�Ø è Û*Ø%ÓLò�å&×�þ�Û*Ù�å*ò%å&ÝLÛ�ÞEÜLØ�ÜLå&ÝFÞ�Û��¹ÓLØ=ò�ÝFÚ�ò%ÔaÛ�×ªÖ�Û.Ý,Û*å�ë0Ü,Ø�ÝsÝFØ%ÓLÚ0×�Ü�Û�Ù�å�ÓsÓ,Û.ÜLÔ�ÓFæ�Û.Ü���ÝLÔ�å�Ó%ß
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#%$&$&')(+*
$-,�*
.�/10�2�3�$-45*
06$-78/!.&/9/!76:)'),;/!<;=�3;$-3;(+:>/1$&3;.?$-75*
$&$&@63;(+48/!0BA8/CA63D/!46$&*!.&<;E!*93;(
,;*
(�76.?')(�3;0�2�*
$FA63G*
06A8/H(I/!')*!.&3�$KJ�@63ML!N
NH06(CO

P /CQ8R
@6.&/9SBOTLC$�E1*U(�*!$?2�.&/!A6*
$-*
$M3�$&7V3�,�2&.?*
$MA63D/!46$&*
.?<�E1*6WYX8@6*!.&3�$&,;Z�06,;'>/BWY3I3;(�')$&$�E!*
:>/!$&3;.IA639@6([753;:)*\,;*
.&/!0�2&39J]@8/!06A6*\3;$?2&3U$&@646(�3^2�'_A6*`/a/1<�E!*\A63U45*!(b453�/!(�3�0�2�*BOdce$?2&3
,;*
.&/!0�2&3�fHA8/hgi/!(�j):)'>/kA8/1$l.&*]A8/1(�')08/!$;mY063;$?2&3�,;/!$&*CfH@6(I/k.&*�A8/!(�')08/CnpoiqFrtsun�vwA6'):)@6j)A8/
3;(x3�2�/!06*!:�08/y,;*
06,�3;0�2&.�/1<�E!*hA63kz

× 10−4
(�*!:�{!|eO}ce$?2&3H,�*
.&/!0�2�3~fH(b@6'_2&*k@B2&'):)')��/1A6*k3;(

$&')$?2�3�(I/!$%:>/1$&3;.�WVA63^�t')A6*y/D$&@8/���3�.&$�/12&'):)')A8/!A63MJ]@8/10�2�*y/!*D,;*
(H76.&')(�3�0�2�*DA63M*
06A8/IA63M3^�B,�'�s
2�/!<;E!*6W�75*
')$�75*]A63K$&3�.�3��B,;'_2�/!A6*-75*
.eg�*!0�2�3�$�A63K45*
(b453�/1(�3;0�2&*yoi:>/1$&3;.?$�v�,�*
(�,;*
(�76.?')(�3�0�2�*
A63l*
06A8/H08/~gi/1'��6/HA63M�!N
NH/I�!�
NH06(CW6*
06A63w2�3�(�*
$K/H(I/!')*
.�3�Q8,�')Z;06,�'>/~X8@6*
.?3;$&,�Z;06,;'>/tO

F ig u r a 3.2: I n te n s id a d e d e e m is s ã o n o r m a liz a d a p a r a e s p e c tr o s d e a b s o r ç ã o (a ) e fl u o -

r e s c ê n c ia (b ) e e m is s ã o la s e r (c ). C o r a n te r o d a m in a B d is s o lvid o e m e ta n o l n a c o n c e n -

tr a ç ã o m o la r d e 1 × 10−4 m o l/L .

� (I/~76.?*
76.?')3;A8/!A63wJ]@63w,�/1.�/!,^2&3;.?')��/H/b75*!2&3;06,�'>/!:)')A8/!A63wA63G/!76:)'),�/!<;E!*~A6*
$�,�*
.�/10�2�3�$�3;(
$&')$?2�3�(I/!$b:>/!$&3�.Mfh/U3^Q8,;')Z�06,;'>/9J]@8�!0�2&'),�/UA63IX8@6*
.?3;$&,�Z;06,�'>/�o

Qf

vlJ]@63yfDA63�Q806')A6/U,;*
(H*�/
.�/!�;E!*�3�0�2�.?3-/!$�2�/��6/1$KA8/1$F2&.&/!06$&')<;=�3;$F.&/!A6'>/12&'_�!/H3l08E1*�.�/!AB'>/12�'_�1/BW6')$?2�*Hf
�

Qf =
kF

kF + kC I

(3.2)
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�
�6�6� kF �D�C�6  �!¡ � ¡6¢)£)¢)� � �6�I�6�I��¤�¢)¥&¥�¦!�9�6��§8¨6�   �;¥&©;ª��6©;¢ � � kC I �D�C�6  �
¡ � ¡6¢)£)¢)� � �6�D�B�«  &� �6¥&¢)¬;¦!���8¦!�  &� �6¢ � « ¢_­ �B®¯ ¨ � �6�6��¢)�B©;¢)�6¢)¤��
¥b£)¨6°h¥&�!¡   �y�±©;�  �� � « �
²³�^´B¢)¥ « �;¤µ­!¶   ¢)�
¥ �6  �]©��;¥&¥&�
¥b�6� � ¡6¥&�   ¬�¦!�±�
  ��£ � ´ � ¬;¦!�¸·]¨6� � �]�6�;¤¹¥&�  I� � � £)¢)¥ � �6�
¥ � «  �� ­ � ¥��6�\�6¢ �1º
 &� ¤ � �6�9�6»�­��;¢)¥��6�C�;�6�  &º ¢ � �6�¨6¤ � ¤��
£ � ©;¨6£ � �6�U©;�  &� � « � ®9¼ �;¥ «   ¨ « ¨  &� �6�!¥b�6»_­��;¢)¥M�6�D�;�6�  &º ¢ � �6�D¨6¤ � ¤��!£ � ©;¨6£ � �6�©;�  &� � « � � ¤��
¥ «  &� � � � �b½8º ¨  &�H¾B®À¿6®eÁ ��¥ « �M½8º ¨  &� ² �!�8�!  �;©��;¤p¥&�
¤���� « �%Â � ¢�´ � ¥��6�G���6�  ?º ¢ �·]¨6�H¥�¦1�   �;£)�^­ � � « �;¥ � �k¤���© � �6¢)¥&¤��h� �k� ¬;¦!�k£ � ¥&�  �®~Ã �6¢ �!º
 &� ¤ � ©��
¤ � £)� « �h�;��­��!£_­��H¨B¤
º
 �� �6�6�l�]Ä6¤��   ���6�G�;¥ « � �6�
¥F��£)� «  &Å �B¢)©;�
¥F¥&¢)� º £)� « �!¥bÆ S0...Sn Ç � «   ¢ � £)� « �
¥MÆ T1...Tn Ç^®

F ig u r a 3.3: E s q u e m a d o d ia g r a m a d e n íve is d e e n e rg ia típ ic o s p a r a u m a m o léc u la d e

c o r a n te e m s o lu ç ã o , a p r e s e n ta n d o o s e s ta d o s s in g le to s e tr ip le to s .

Á �l�6¢ �!º
 &� ¤ � ­��   ¢ ½ © �ÉÈ ¥&��·]¨6� «  &� �6¥&¢)¬;¦!� S0 → S2   � �6  �;¥&�;� « � � �6  �]©;�;¥&¥&�G�6�F¡5�
¤M¡5� ��È¤��;� « �6² � ��¤�¢)¥&¥�¦!�b�6�Ê§8¨6�   ��¥&©;ª;�6©�¢ �M�%  �;¥&¨6£ « � �6�b� � «  �� �6¥&¢)¬�¦!� S1 → S0 ®�Ë �
¤��b¥&�
¤���� « �
� §8¨6�   �;¥&©�ª;�6©�¢ �Ì�C�!�6  �É­���¢ « � � �Ì�8�1 ��Ì�¸� ¬�¦!�Ì£ � ¥&�   ² « �]�6�!¥��
¥��!¨ «   �
¥ �6  �]©��;¥&¥&�
¥H�6� � ¡ È¥&�   ¬;¦!��Æ S0 → S2

² S1 → S2
² T1 → T2 Ç �M��¤�¢)¥&¥�¦!�D�8¦!�  &� �6¢ � « ¢_­ � Æ S2 → S1

² Sn → S1 Ç
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Ø&Ù�Ú6Ø&Ù�Û&Ù;Ü�Ý�Þ!ß�Ú5Ù;Ø?à8Þ!Û~Ú8Þ!Ø&Þ�Þ±Ù�á8â�ã)ä;Ü6â�ã>Þ±à8ÞUå8æ6ç
Ø?Ù;Û&â�ä;Ü6â�ã>ÞBè¸é%Û~Ú5Ù�Ø&à8Þ1ÛHÚ5ç
Øbà6Ù;â;Þ!ã)ß�Ù;Ü�Ý&ç
Ü8ê!ç~Ø&Þ!à6ã>Þ�Ý�ã_ë�çbÛ�ê!çbà6Ù;Ü6ç
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Û;èõéöÙ;ß�ã)Û&Û�ê1çDØ&Þ!à6ã>Þ1Ý&ã_ë!Þ T1 → S0 ÷ â�ø8Þ!ßIÞ!à8Þ�à6Ùlù�ç
Û?ù�ç
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Ù;Ø&Þ!îFâ�ø8Þ1ßIÞ!à8Þ¸à6Ù9î)æ6ß�ã_Ü6Ù;Û&â;ä�Ü6â;ã>Þ
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Ü6ò
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� ç
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Ø�Þ1Ü�Ý�ÙwÝ
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⇒ å8æ6ç
Ø?Ù;Û&â�ä;Ü6â�ã>Þ�� 10−8 Þ 10−9s

⇒ ù�ç
Û?ù�ç
Ø?Ù;Û&â�ä;Ü6â�ã>Þ�� 10−4 Þ 10−3s

⇒ â�ç
Ü�ë�Ù�Ø&Û�ê!ç�ã_Ü�Ý�Ù�Ø&Ü8Þ�� S2→ S1
� 10−11 Þ 10−12s Ù S1→ S0

� 10−8 Þ 10−10s

⇒ â�Ø&æ6ó;Þ!ß�Ù;Ü�Ý&ç�ã)Ü�Ý&Ù;Ø?Û&ã)Û?Ý&Ù;ßIÞ�� S1→ T1
� 10−8 Þ 10−13s Ù T1→ S0

� 10−4 Þ 10−3s

� ç
ßpý8Þ!Û&ÙwÜ6ç
Û�Ú6Ø?ç]â;Ù�Û&Û&ç
Û�à6Ù%å8æ6ç
Ø?Ù;Û&â;ä�Ü6â;ã>Þ
�8Þ1ý6Û&ç
Ø?ð�ê!çHÙwà6Ù;â;Þ!ã)ß�Ù�Ü�Ý�ç!Û�Ü8ê!çHØ&Þ!à6ã>Þ1Ý&ã_ë�ç
Û
ÚVç�à6Ù;ß�ç
ÛFÙ�Û&â;Ø?Ù�ë�Ù�ØKÞHÙ�í]æ8Þ!ð;ê!ç�à6ç�â;ç�Ù�á8â�ã)Ù;Ü�Ý&Ùlà6Ùlò�Þ1Ü6ø6ç�î>Þ!Û&Ù�Ø γ(λ) à8Þ1à8ÞHÚ5ç
Ø��

γ0(λ) = σe(λ)N1 + σ0(λ)N0 − σ1(λ)N1 − σT (λ)NT (3.3)

ç
Ü6à6Ù N0
� N1

Ù NT
Û�ê!çIÞ!ÛFà6Ù;Ü6Û&ã_à8Þ!à6Ù;ÛFà6ÙlßHç
î ÷ â�æ6î>Þ!ÛFÜ6ç
ÛFÙ;Û?Ý�Þ!à6ç
Û;è

σe(λ) ÷ ÞHÛ&Ù;â�ð�ê!çHà6Ùlâ�ø6ç]í�æ6Ùlà8Þ~Ý&Ø�Þ1Ü6Û&ã)ð�ê!ç S1 → S0
ôeå8æ6ç
Ø?Ù;Û&â�ä;Ü6â;ã>Þ
�

σ0(λ) ÷ ÞyÛ&Ù;â;ð;ê!çhà6Ù~â�ø6ç]í]æ6Ù~à8ÞDÝ�Ø&Þ!Ü6Û&ã)ð;ê!ç S0 → S1
ôFØ?Ù;Û&Ú5ç
Ü6Û
��ë
Ù;î Ú5Ù;î>ÞyÚ5ç
Ú6æ6î>Þ!ð;ê!ç

Ü6ç�Ü��_ë�Ù;î S1
è

σ1(λ) ÷ ÞHÛ&Ù;â�ð�ê!ç�à6ÙGâ�ø6ç]í�æ6Ùlà8Þ~Ý&Ø�Þ!Ü6Û&ã_ð�ê!ç S1 → Sn
ô Þ!ý6Û&ç!Ø&ð;ê!ç��

σT (λ) ÷ ÞHÛ&Ù�â;ð�ê1ç�à6Ùlâ�ø6ç�í]æ6Ùlà8Þ~Ý&Ø�Þ1Ü6Û&ã)ð�ê!ç T1 → Tn
ô Þ!ý6Û&ç
Ø?ð�ê1ç��

3.3 Ro d a m in a s

é Ø&ç]à8Þ!ßHã)Ü8Þ ÷ æ6ß Ü6ç
ß�Ù¸ò
Ù;Ü ÷ Ø&ã)â�ç Ú8Þ!Ø&Þ æ6ßIÞ ùiÞ!ß��)î)ã>Þ à6Ù¸â;ç
ß�Ú5ç!Û?Ý�ç!ÛUç!Ø&ò��1Ü6ã)â;ç
Û��
â�ø8Þ!ßIÞ1à6ç
ÛCå8æ6ç!Ø&ç
Ü6Þ ú Ù;Û?Ý&Ø&æBÝ&æ6Ø&Þ ý��!Û&ã)â;Þ à6ÙÌë��1Ø&ã>Þ!ÛCÛ&æ6ý6Û?Ý
�!Ü6â;ã>Þ1Û9í]æ��)ß�ã)â;Þ!Û��wà6Ù¸ù��
Ø?ßbæ6î>Þ
í]æ��)ß�ã)â�Þ C13H10O

ü�è � Þ!à8ÞhÝ&ã)Ú5çCà6Ù�Ø&ç]à8Þ1ß�ã)Ü8ÞkÚ5ç
Û&Û&æ6ãeÛ&æ8Þ1Û-â;Þ!Ø&Þ!â�Ý&Ù;Ø��)Û?Ý&ã)â�Þ!Ûlã)Ü6à6ã_ëtã)à6æ8Þ!ã)Û
Ü6ç�í]æ6ÙlÛ&ÙlØ?Ù�ù�Ù�Ø&Ù��Hý8Þ!Ü6à8ÞHÙ�Û&Ú5Ù;â�Ý&Ø&Þ!î}à6Ù-Þ!ý6Û&ç!Ø&ð;ê!ç�ÙlÙ�ß�ã)Û&Û�ê!ç6è



��������� �"!�#$���&%('���)*���(#
24

+-,.,	/�0�1�2(,.34/�5�687�6�9�5�:�5�;=<�2�,$<�2(;�5�,$:�2�;>/�<�,$?�5�,	,	5�,$:�2(9	6�<�@	5�,$9�5�7�9	5�,	5�<�@
6�;=2A:�2�;AB
7�9	CD;�5�<�@
2E?�5A2(<�?�6E;GFH1
CD;�2I?�6I6�J K82ILM6�,	5�9ONP7Q2(9R5S1�5�;�7�LD2�TRUWV
BYX8Z�[�\�6�7�9�5�,	5�<�@]6E:�2(;�7�9�C^B
;�5�<�@	2_?�5E5�;�CD,	,
K�2_LM68,	5�9

≈
X�Z�[`<�;badcfeR5�,	,
6`;G6�<�5�CD9
6
\g6`5�,	:�2(LDV�6`?�6_9�24?�68;�CD<�6f6`,	5�9

/�,
6�?�6O?�5�7Q5�<�?�5h?�2�5�,�@
/�?�2O34/�5h,	5�9	FO9�5 6�LDCDi�6�?�2O5�?�5h34/�6�CD,W7�9�2(7�9�CD5�?�68?�5�,W,	5h?�5�,	5Yj	6�6�<�68L^B
CD,
6�9�cgkml(9	6�<�?�5hn�6�<�@
6�l(5�;o,	5�/�@	CDLDCDi�6�9p6�,p9�24?�6�;OCD<�6�,p:�2(;�2�;�5�CD2�?�5�l�6�<�V�2�5�,�@
FO<�2Oqr6H@
2
?�5-,	/�6tsQ2�6>5S0�:�CDu�<�:�CM6>LM68,	5�9�\�:]V�5�l(6�<�?�2A5�;v:�5�9�@	2(,.:�6�,	2(,.6Ow�[t7x2�9.:�5�<�@	2A?�5R5�0�:�CDu�<�:�CM6><�6
:�2(<�n(5�9�,
K�2y?�5�5�<�5�9�l(CM6z5�7Q2(,	,	/�Cg/�;G6{5�,�@
6�s�CDLDCD?�6�?�5�34/�|D;�CD:�6z;>/�C}@	2ysQ2�6
cI~�K�2z:�2�<�,	CD?�5�9�B
6�?�6�,.6�,�qP68;�|DLDCM6�,.;G68CD,.CD;�7Q2(9"@
6�<�@	5�,�?�5R;G68@	5�9�CM6�CD,.7�689
6tLM6�,	5�9	,�?�5R:�2�9
6�<�@	5(\
5-687Q5�<�6�,�@
9�u�,
:�2(9	6�<�@	5�,�\�6�,.9	24?�68;�CD<�6�,-�(� [�\�X��m5A� [
�(\�:�2�s�9	5�;vl(9
68<�?�5-7�6�9"@
5-?�2A5�,	7Q5�:S@
9�2>n
CD,	|}n�5�LxCD<�?�2
?�5tw8Z�[�6OX(�([O<�;zc

� 5�,	,	5b@	9
6�s�6�LDV�2�\�/�@	CDLDCDi 68;�2(,A:�2(;�2_;�5�CD2_?�5El�68<�V�2�6`9�24?�6�;�CD<�6_��NrUWV
BY�$a�5I6`9	2HB
?�6�;�CD<�6bX���NrUWV
BYX���aS\Q6�,R3�/�6�CD,R,
K�2b/�@	CDLDCDi 6�?�68,R5S14@
5�<�,	C}n�6�;�5�<�@
5t:�2(;�2b:�2(9	6�<�@	5�,�5t:�2(;�2
;�5�CD2f6�;�7�LDC^0�: 6�?�2(9t?�5ELM6�,	5�9	,�c�+-,>,	2(L}n�5�<�@	5�,>;G6�CD,>:�2(;>/�<�,>7�6�9	6_6�,>9	2�?�6�;�CD<�6�,>,
K�2_2�,
6�LD:�24��CD,�N�;�5S@]6�<�2(Lp5`5�@
6�<�2(L&adc���6�;>s���;�7Q24?�5�;�2�,E/�,
6�9EF�l�/�6�:�2(;�2�,�2(L}n�5�<�@	5(\.;G6�,E6�2
,	5A/�@
CDLDCDi�6�9-?�5OF8l(/�6E:�2�,�@
/�;G6�BY,	5A6�?�CD:�CD2�<�6�9-s�6�C^1�68,h:�2(<�:�5�<�@	9
68J��45�,h?�5A,	/�9"qP6�:S@]68<�@
5�\�7�689
6
5�n
C}@
6�9p6A7�9	24:�5�,	,	2(,W?�5h?�CD;�5�9�CDi 6�J�K�2y���8��c

� 6A0�l(/�9	6���c�Z���;�2�,�@
9	6�?�2G6O5�,�@
9�/�@	/�9
6O34/�|D;OCD: 6O?�2�:�2(9
68<�@
5h?�5�9�24?�6�;�CD<�6��Rc

F ig u r a 3.4: E s tr u tu r a q u ím ic a d a r o d a m in a B [53].
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¹�Å�¹�Ã�Ä	¹$Â�Ä	ÆDÇDÆDÈ »�É�»8¼gÊ�¾(Å�¾hÊ�¾�À
»8Ã�Ä
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»�Ì�À	¹�¼	¹�Ã�Ä
»�ÅÜÂ�ÅG»yÃ�¾8Ä]»�Ý�¹�ÇDÅ�¹�Ã�Ä
¹b»8Ç}Ä]»{¿�¾�Ä	¾4¹�¼�Ä
»�Þ�ÆDÇDÆDÉ�»�É�¹�Ëß»8Ç}Ä]»z¹�à�Ê�ÆDá�Ã�Ê�ÆM»yÁ4Â�â8Ã�Ä
ÆDÊ�»y¹G¼	Â�»
»�ã ½�¾-ÇM»�¼	¹�Àßä.Ì�À	å æ
ÆDÅG»h»-¼	¹�ÂOÅGçHæ�ÆDÅ�¾hÉ�¹$»�Þ�¼	¾(À�ã ½8¾�Ú�²èÀ�¾4É�»�Å�ÆDÃ�»-·�¸ºä�Ä]»8Å>ÞQä�ÅéÊ]µ�»�ÅG»�É�»
À	¾4É�»8Å�ÆDÃ�» Ñ�ê(ë Ë�Ã�»Aà�Í�Â�À
» Ó Ú Ñ ä�Å�¾(¼�Ä	À	»�É�¾G»O¹�¼�Ä	À�Â�Ä
Â�À	»OÁ4Â�ìDÅ�ÆDÊ�»OÉ�»�³Wµ
¶Y·�¸OÚ

F ig u r a 3.5: E s tr u tu r a q u ím ic a d a r o d a m in a 6G [53].
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Sis t e m a s m ic e la r e s

4 .1 Su r f a c t a n t e s
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FHGJI BK?$L�BEM F7NPO�Q�RTS�U�V�W�U�XZY$[:[�V'R�WA\�RC]�RT[�\�U�^*U�]Z[�]�RCS�Q�_`R�a�XZY�Ub[�cHdfehg'i�g:gjW�g'ikRTU�W�]�U�Y�[�NPl
Q�imY�g'i�_`g'S�\�gnY�[�a�[�Y�\�R�a�U�o$[�]�gn_`R�cb[)Y�[�_Z[�Y�U�]Z[�]�Rp]�R![�c�\�R�a�[�a,[�Sq_�a�g�_�a�U�R�]Z[�]�R�SqS�Q�_`R�a�XZY�Ub[�U�S
R�U�WA\�R�a�rs[�Y�Ub[�U�S�Nt\�[�U�S�Y�g'i�g:[�avuxw�V'QZ[�Nty�c�R�g�uxw�V�QZ[�NtR�WZ[8S�Q�_`R�a�rJz�U�Y�U�R�]�R�S�y�c�U�]�g'S�d|{}\�R�a�i�g
U�WA\�R�a�rs[�Y�R�]�R�W�g�\�[8g~c�U�i�U�\�R2R�WA\�a�R2]�QZ[�Skrs[�S�R�S�U�i�U�S�Y�z�^�R�U�S�NtR�W�O�QZ[�WA\�g~g�\�R�a�i�g8S�Q�_`R�a�rJz�Y�U�R
U�W�]�U�Y$[CO�Q�R�Q�i�[C]Z[�S
rs[�S�R�S�l�V�[�S�g'S�[�N�V'R�a�[�c�i�R�WA\�R�gK[�a�d��qR�^�U�]�gK[CR�S�S�[�Y$[�a�[�YE\�R�a�z�S�\�U�Y$[*N
g'S�S�Q�a�rs[�Y�\�[�WA\�R�S�N�\�[�ip�`l�i�Y��Z[�i�[�]�g'S
]�R�\�R�W�S�g'[�\�U�^�g'S�N�S���gTi�g�c�l�Y�Q�cb[�S�O�Q�R�]�U�i�U�W�Q�R�i�[
\�R�W�S���g�S�Q�_`R�a�XZY�Ub[�c�]�R�S�g'c�Q�����R�S�[�O�Q�g�S�[�S�d

� S�i�g'c�l�Y�Q�cb[�S�]�g'S�S�Q�a�rs[�Y�\�[�WA\�R�S�_`g�]�R�i�S�R�a�]�R�g'a�U�V'R�i�WZ[�\�Q�a�[�c��>^�R�V�R�\�[�c�g'QC[�W�U�i�[�c��
g'Q�S�U�WA\�lE\�U�Y�[�N�S�R�W�]�g�O�Q�Rq[
V'a�[�W�]�R�i�[�U�g'a�Ub[
]�U�S�_`g�W�z�^�R�c�Y�g'i�R�a�Y�Ub[�c�i�R�WA\�R�l�]�R�g�a�U�V'R�i�S�U�W*u
\�lE\�U�Y�[�N�Y�g'W���R�Y�U�]Z[�S�Y�g'i�gk_`RE\�a�g�u0O�Q�z�i�U�Y�g'S�N�S�R�W�]�gkS�U�WA\�R�\�U�o$[�]Z[�S�[!_Z[�a�\�U�a�]�R�]�R�a�U�^�[�]�g'S�]�g
_�RE\�a�y'c�R�g�d�{,Sk]�Rng'a�U�V'R�i WZ[¡\�Q�a�[�cPS���g8Y�g�W���R�Y�U�]�g'SkY�g'i�g8y'c�R�g'S�u0O�Q�z�i�U�Y�g'SkRnS���g�\�U�_�U�Y$[¢u
i�R�WA\�Rqg���\�U�]�g�SP[�_Z[�a�\�U�at]�R�rJg'WA\�R�ShY�g�i�gpc�U�_�z�]�R�g'ShS�U�i�_�c�R�S��sw�Y�U�]�gpY�[�a���g�£�U�c�z�c�U�Y�g��EN�c�U�_�z�]�R�g�S
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·�¸'¹�º�»�¼�½�¸'¾,¿sÀ�·�Á�Â�¸'¾tÃ'Ä�Å¡½�¸'¾t·�¸'ÆAÇ�¼�Æ�Â�¸�ÈJÉ'¾�ÈJ¸'Ä�¸�Ê�ËZÅ�¾�¼�¾tÆ�Á�Ç�Ä�¸'Ã�¼�ÆZÅ�ÂZÅ�¾©ÌÍ¼�À�·�Á�Â�¸�¾tË�Î�»�Á�·�¸'¾�Ê�Ç©Å�Á�¾
·�¸'¹�¸�À�·�Á�Â�¸�·�É'»�Á�·�¸�Ï

Ð*Ñ Ä�ÈsÅ�·EÇ©Å�ÆAÇ�¼�¾
¾�Ò�¸KÅ�¾ Ñ Æ�Á�ÂZÅ�Â�¼�¾�Â�¼�ËZÅ�¾�¼�ÂZÅ�¾�Â�Á�ÈJ¼�Ä�¼�ÆAÇ�¼�¾
ÈJ¸�Ä�¹�Å�¾�Â�¼�·�Ä�Á�¾�Ç�Å�Á�¾�»�Î�Ó Ñ Á�Â�¸'¾
»�Á�¸�Ç�Ä�É'º�Á�·�¸'¾�¼!Â�¼!¸ Ñ Ç�Ä�¸'¾,Ç�Á�º`¸'¾,Â�¼k¸�Ä�Ã�Å�Æ�Á�Ô$Å�Õ�Ò�¸n·�ÖZÅ�¹�Å�Â�¸'¾,Â�¼k¾�Á�¾�Ç�¼�¹�Å�¾,×�¼�¾�Á�· Ñ »bÅ�Ä�¼�¾�¿J¾�Á�¾�Ø
Ç�¼�¹�Å�¾,¼�¹mË�Á�·$Å�¹�Å�ÂZÅ�¾©Ì�Ù4Ú�Û�Ü7Ï
Ý,¾,¾ Ñ Ä�ÈsÅ�·�Ç�Å�ÆAÇ�¼�¾,¾�Ò�¸n·�¸�¹�º`¸'¾�Ç�¸'¾�Å�Æ�Þ�ÈJÎ�»�Á�·�¸�¾�Ê�¸�Ä�Ã�ß�Æ�Á�·�¸'¾,¸ Ñ
¸'Ä�Ã'Å�Æ�¸'¹�¼EÇ©À�»�Á�·�¸'¾�¿J¸'¾�Î�¸�Æ�¾�¹�¼EÇ©À�»�Á�·�¸'¾�¼�¾�Ç©Ò�¸�Â�Á�Ä�¼�Ç�Å�¹�¼�ÆAÇ�¼�»�Á�Ã�Å�Â�¸'¾�Å�À�Ç�¸'¹�¸'¾�Â�¼�·�Å�Ä�Ë`¸�Æ�¸AÌ
Ó Ñ ¼�ÈJ¸'Ä�¹�Å�¹à·�¸'»�É'Á�Â�¼�¾�¸ Ñ ¹�Á�·�¼�»bÅ�¾�¼�¹à¾�¸'» Ñ Õ$Ò�¸�ÏâáÍ¾�Ç�¼�¾�·�¸'¹�º`¸�¾�Ç�¸�¾�ÊP¼�¹àÂ�¼�Ç�¼�Ä�¹�Á�ÆZÅ�ÂZÅ�¾
·�¸'Æ�Â�Á�Õ�ã�¼�¾�Â�¼pÇ�¼�¹�º`¼�Ä�Å�Ç Ñ Ä�Å*Êäº�Ä�¼�¾�¾�Ò�¸2¼k·�¸'Æ�·�¼�ÆAÇ�Ä�Å�Õ�ã�¼�¾�Ä�¼�»bÅ¡Ç�Á�×�Å�¾�Â�¸'¾�Â�Á�ÈJ¼�Ä�¼�ÆAÇ�¼�¾�·�¸'¹kº`¸�Ø
Æ�¼�ÆAÇ�¼�¾�ÊhÅ�º�Ä�¼�¾�¼�ÆAÇ�Å�¹àÅ�ÈJ¸'Ä�¹�Å�Õ�Ò�¸~Â�¼2¾ Ñ º`¼�Ä�¼�¾�Ç�Ä Ñ Ç Ñ Ä�Å�¾T¿sÅ�Ã'Ä�¼�Ã'Å�Â�¸'¾�¹�¸'»�¼�· Ñ »bÅ�Ä�¼�¾�Ó Ñ ¼�¾�¼
¸'Ä�Ã'Å�Æ�Á�Ô$Å�¹�Æ�¸�¼�¾�ºZÅ�Õ�¸AÌ�Ê�¼E½�Á�Ë�Á�Æ�Â�¸�Å�»�Ã Ñ ¹�Ã'Ä�Å Ñ Â�¼�¸'Ä�Â�¼�¹�Ï

å ¾n¹�¸�»�æ�· Ñ »bÅ�¾2Å�Æ�Þ�ÈJÎ�»�Á�·$Å�¾)¾�Ò�¸çÅ�Ó Ñ ¼�»bÅ�¾nÓ Ñ ¼�Ê�Æ Ñ ¹�Åj¹�¼�¾�¹�Å�¼�¾�Ç�Ä Ñ Ç Ñ Ä�Å*Ê�Å�º�Ä�¼�¾�¼�ÆAÇ�Å�¹
Ä�¼�Ã'Á�ã�¼�¾�Ó Ñ ¼�¾�¼p·�¸'¹�º`¸'Ä�Ç©Å�¹}Â�¼�ÈJ¸�Ä�¹�Å�¹ Ñ Á�Ç�¸)Â�Á�ÈJ¼�Ä�¼�Æ�Ç�¼�ÆZÅ�º�Ä�¼�¾�¼�Æ�Õ$Å�Â�¼�¸ Ñ Ç�Ä�Å�¾q¹k¸'»�æ�· Ñ Ø
»bÅ�¾)Ó Ñ ¼Tº`¸'¾�¾ Ñ Å�¹è¹�¸�¹�¼�ÆAÇ�¸�Â�¼TÂ�Á�º`¸'»�¸�¼�»�æ�Ç�Ä�Á�·�¸�¸ Ñ ÆZÒ�¸�Ï å ¾�¾�Á�¹�Ê�¼�¹ Ñ ¹�Åj¼�¾�Ç�Ä Ñ Ç Ñ Ä�Å
Å�Æ�Þ�ÈJÎ�»�Á�·$Å)·�¸�¼E½*Á�¾�Ç�¼�¹ Ñ ¹�Å)Ä�¼�Ã'ÁbÒ�¸2Å�»�Ç©Å�¹�¼�ÆAÇ�¼!º`¸'»bÅ�Ä,Â�¸nº`¸�ÆAÇ�¸nÂ�¼�×*Á�¾�Ç�Å)¼�»�æEÇ�Ä�Á�·�¸�Êé¼p¸ Ñ Ç�Ä�Å
Å�º`¸'»bÅ�Ä�ÏêÝm¼�»�¼�¹�¼�ÆAÇ�¸~ëq¸�Â�¼�·�Á�» Ð*Ñ »�ÈsÅ�Ç�¸~Â�¼ Ð É�Â�Á�¸ì¿ Ð ë Ð Ìpæ Ñ ¹íË`¸'¹ ¼E½�¼�¹�º�»�¸~Â�¼ Ñ ¹�Å
¹�¸'»�æ�· Ñ »bÅ�Å�Æ�Þ�ÈJÎ�»�Á�·$Å*Ê�· Ñ¡î Å�¼�¾�Ç�Ä Ñ Ç Ñ Ä�ÅjÓ Ñ Î�¹�Á�·�Å�¼�¾�Ç©ÀjÁ�» Ñ ¾�Ç�Ä�Å�ÂZÅjÆZÅjÞZÃ Ñ Ä�Å�Å�ËZÅ�Á¦½�¸�ÏïáÍ¾�Ç�¼
·�¸'¹�º`¸'¾�Ç�¸jÅ�º�Ä�¼�¾�¼�ÆAÇ©Å Ñ ¹�Å:»�¸�Æ�Ã�Å~·$Å�Â�¼�ÁbÅ:Å�»�Ó Ñ Î�»�Á�·�Å�ÊPº�Ä�Å�Ç�Á�·$Å�¹�¼�ÆAÇ�¼CÁ�Æ�¾�¸'»�ð�×�¼�»�¼�¹ñÀ�Ã Ñ Å*Ê
»�Á�Ã�Å�ÂZÅk·�¸¢×�Å�»�¼�ÆAÇ�¼�¹�¼�ÆAÇ�¼�Å Ñ ¹�Ã'Ä Ñ º�¸kÁ�ò'Æ�Á�·�¸�ÊZ¾ Ñ »�ÈsÅ¡Ç�¸�Â�¼�¾�É�Â�Á�¸�Ï

F ig u r a 4.1: E s tr u tu r a q u ím ic a d e u m a m o léc u la a n fi f ílic a , o c o m p o s to D o d e c il S u lfa lto d e

S ó d io (S D S ).

4 .1.1 C la s s ifi c a ç ã o d o s s u r f a c t a n t e s

ó Å�¼�¾�Ç�Ä Ñ Ç Ñ Ä�Å�ÂZÅ�¾�¹�¸'»�æ�· Ñ »bÅ�¾�Â�¸'¾�Ç�¼�Æ�¾�¸�Å¡Ç�Á�×�¸�¾�¼�½�Á�¾�Ç�¼�¹ôÔ�¸�ÆZÅ�¾�Â�Á�¾�Ç�Á�ÆAÇ�Å�¹�¼�ÆAÇ�¼�Ö�Á�Â�Ä�¸�ÈJÎ�»�Á¦Ø
·$Å�¾:¿sÁ�ÆAÇ�¼�Ä�Å�Ã�¼�¹õÈJ¸'Ä�Ç�¼�¹�¼�ÆAÇ�¼8·�¸'¹öÅ�¾�¹�¸�»�æ�· Ñ »bÅ�¾�Â�¼~À�Ã Ñ Å�Ì)¼8Ö�Á�Â�Ä�¸�ÈJÉ'Ë�Á�·$Å�¾j¿JÁ�ÆAÇ�¼�Ä�Å�Ã'¼�¹
ÈsÄ�Å�·�Å�¹�¼�Æ�Ç�¼8·�¸'¹÷Å�¾�¹�¸'»�æ�· Ñ »bÅ�¾�Â�¼~À�Ã Ñ Å�Ì�Ï�øP¸'¹k¸êÂ�Á�Ç�¸êÅ�ÆAÇ�¼�Ä�Á�¸'Ä�¹�¼�ÆAÇ�¼'Êq¼�¾�Ç�¼8Ç�Á�º`¸êÂ�¼
¹�¸'»�æ�· Ñ »bÅqæh·�ÖZÅ�¹�Å�ÂZÅqÂ�¼PÅ�Æ�Þ�ÈJÎ�»�Á�·�Å�Ê�º`¸'Á�¾ùº`¸'¾�¾ Ñ ¼�¹úÅ�¹pËZÅ�¾�Ä�¼�Ã'Á�ã�¼�¾ù¼�¾�Ç�Ä Ñ Ç Ñ Ä�Å�Á�¾�¿JÖ�Á�Â�Ä�¸�ÈJÎ�»�Á�·$Å
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����� �"!$#�%'&�("� )+*-,/.1032$2$�54$� 67#8�"�19�#;: <�)�=":>*?67#@�"�12$��*�2$2$#@)��>*�!��"�1�"�A%'��!B��CD4$��2�9	*�C"��� !$*�2�EF�"�/G
6H��C"�"��C"��#�6"!$� C")�� 6I*�: 9���CD4J���"#�6IKL�I*12$#;: ="M�N�#".

O !B��P��>*�#Q�"� �"!$#�%'&;("� )+*R�I*R9�#;: <�)�=":>*R<S*�67#;:>*�!T�U��9VP;��!$*�:I)�#;C"2B4$�A4$="W �I*R67#;!T="9	*R)�*��"���>*
�"� �"!$#@)�*�!B(7#;CI*��I*R)�#;C"2B4$�A4J="W �I*�4J� 6"� )�*�9���CD4$�X��CD4$!$�UYR�[Z�\Q]�4J#;91#;2T�"�U)+*�!$(7#;C�#". O 2T)+*��"���>*�2
6H#D�"��9^2$��!8�"� �"!B#;P���CI*��I*�2_#;=a`I="#;!$*��I*�2�E�: � C"��*�!B��28#;=b!J*�9��Ac")+*��I*�2�E�)�#;CD4$��C"�"#d#;=bCIN�#
�"="6":>*�2S: � P;*�M�e@��2�.f032B4
*�!B��P;�>N�#g67#;2$2$="�FP;!$*�C"�"�Q2$#;: ="("� : � �I*��"�Q��9h�"� �"!B#@)+*�!B(7#;C"�i4J#;2U#;=j2$#�:kG
l ��CD4$��28CIN�#d67#;:>*�!B��2�E��im���9�6": #d�"�nP;!B="67#;2_�"� �"!B#�%'&;("� )�#;2�o CnH2n+ 1, C6H4 − CnH2n+ 1�p*�: P;="C"2g!$*��"� )+*�� 2g)�#;CD4$��C"�"#q)�*��"���>*�2g: #;C"P-*�2g�"�j�"� �"!B#@)�*�!$(7#�C"��4$#;2�Er)�#;9s#;=t2$��9u*�C"<��A2
*�!$#�9	]�4$� )�#;2�.

v 2wP;!B="67#;2w�"� �"!B#�%'W : � )�#;2w67#@�"��9x�"�A%'��!$� !T(I*�2B4J*�CD4J�UCI*Q2$=I*yCI*�4J="!B��z�*Q{@="W 9�� )�*�E@67#@�"��C"�"#
2$��!Q67#;:>*�!B��2�E|� };C"� )�#�2?~�)�*�4$� };C"� )�#�2y#;=�*�C"� }�C"� )�#;2
,�#;=�z��X�A4$4$��!B� };C"� )�#;2�. O )�:>*�2$2$�Ac")+*�M�N�#j�"#
�"��4$��!BP;��CD4$�8��9sP;��!J*�:f%'���A4
*n�"�_*�)�#�!$�"#�)�#;9�*nCI*�4$="!B��z+*��"#�2$��=�P;!B="67#��"� �"!B#�%'W : � )�#�. O
!$��P;�>N�#n�"� ��!$#�%'W : � )�*�<8*�:A4
*�9���CD4$�82$#�: � l ��:f��9s]�P;=I*�#;=d#;=�4$!B#;2�2$#;: l ��CD4$��2�67#;:>*�!$��2�Ew2$��C"�"#
*�: P;="C"21�im���9�6": #;2�o OH, N(CH3)3Br, CO2H, SO3

. O cIP;="!J*���.�Z�91#;2B4J!$*�*���2B4$!B=�4J="!$*
{@="W 9�� )+*1�"�R*�: P;="C"2X2$="!�%�*�)�4J*�CD4$��2f4$W 6"� )�#�2�.

F ig u r a 4.2: E s tr u tu r a m o le c u la r d e s u r fa c ta n te s típ ic o s [24].

4 .2 C o m p o r t a m e n t o d o s s u r f a c t a n t e s e m s o lu ç ã o

� ="*�C"�"#_*��"� )�� #;CI*�9�#;2R2$="!�%�*�)i4
*�CD4$��2���9�="9	*�2$#;: =�M+N�#"EF6"!B��)�� 2J*�9�#;2R*�CI*�: � 2J*�!�#�)�#�95G
6H#�!B4J*�9���CD4J#y�I*�2�6"!B#;6"!B� ���I*�����2w%'W 2$� )�#�G�{@="W 9�� )�*�2�)�#;9�#�*�="9���CD4$#y�I*Q)�#;C")���CD4$!$*�M+N�#y9�#�:>*�!
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¡"¢y£$¤"¥�¦�§�¨�©J§�ªD©$«;¬®­U¯�«/°�±7«�¥B² ¯�«�ªD©$¢Q£$² ¯�±"³ «�£T±I§�¥J§R«�ª-©J«�ª"¡"«�¥T¨�¢;¯�¢y£$«U¯�¢@¡"²A´I¨�§�¯µ©
§�² £T±"¥$¢�¶
±"¥$² «�¡I§�¡"«�£w·[§�¡"² ¨�² ¢;ªI§�¥w¡"«�©$«�¥B¸;«�ªD©J«U«�¯�¤"¯�¥$«�¨�² ±"² «�ªD©J«S¨�¢;¯x¹�¸;¤I§Q«Uº;«�¥B²A´I¨+§�¥T¢y»@¤"«S¢@¨�¢;¥$¥B«
¨�¢;¯¼§8£$¢;³ ¤"½�¾�¢�¿À¹�¸�¤I§jÁÂ¡�«�©$«�¥B¸;«�ªD©$«�Ã�»@¤I§�ª"¡"¢j§�¤"¯1«�ªD©J§�¯�¢;£y§8¨�¢;ª"¨�«�ªD©$¥$§�½+¾�¢_¡"«	¡�«�©$«�¥�¶
¸;«�ªD©$«;¬ÅÄÅ§�¥$§�¨+§�¥$§�¨i©J«�¥$² Æ�§�¥®«�£B©J§�£$¢;³ ¤"½+¾�¢Q§�ªI§�³ ² £J§�¯�¢;£3§�² ªD©$«�ª"£$² ¡I§�¡"«f¡"«X³ ¤�ÆX«�£$±I§�³ ÇI§�¡I§�±7«�³>§
£$¢;³ ¤"½+¾�¢�»@¤I§�ª"¡"¢�² ª"¨�² ¡"² ¯�¢;£X³ ¤"Æg¿'³>§�£$«�¥JÃ�£$¢;È"¥$«R§1¯�«�£$¯	§�¬

É «�£$±I§�³ Ç"§�¯�«�ªD©$¢�¡"«n³ ¤"Ænª"¢;£_¡I¹Ê² ª�¦'¢;¥B¯	§�½+¾�¢t§d¥B«�£B±H«�²A©J¢d¡"¢�»D¤"«�«�£B©
¹Ê¢@¨�¢;¥B¥B«�ª"¡"¢
ª"¢�² ªD©$«�¥B² ¢;¥�¡I§�£$¢;³ ¤"½+¾�¢"¬tÄË¢;¥�©
§�ªD©J¢�§n¡"² £$±7«�¥$£J¾�¢�¡I§�³ ¤"Æ_·8¤"¯Ì¦�«�ª"Í;¯�«�ª"¢�»@¤"«8¯�«�¡"«j§
² ªD©J«�ª"£$² ¡I§�¡"«�¡"«�«�£$±I§�³ ÇI§�¯�«�ªD©$¢1¡I§5§�¯�¢;£B©$¥$§�¬3­S¯Â§�¥$¥$§�ª�ÎB¢5«i°�±7«�¥B² ¯�«�ªD©
§�³Ï£$² ¯�±"³ «�£f±I§�¥$§5£$«
¦À§�Æ�«�¥®«�£B©J§�§�ªI§�³ ² £$«f·r² ª"¨�² ¡"² ¥®¤"¯Ð¦'«�²k°�«f¡"«f³ ¤"Æf³>§�£$«�¥®£$¢;È"¥B«X§�£$¢;³ ¤"½�¾�¢�«f¯�«�¡"² ¥®§�² ªD©J«�ª"£$² ¡I§�¡"«
¡"«R³ ¤"ÆR»@¤"«�¨/Ç"«�¸-§1ª"¢�¡"«�©$«�¨�©$¢;¥X¨�¢;³ ¢@¨�§�¡"¢	§

9 0◦ Ñ ¨�¢;¯�¢1¯�¢;£B©J¥$§�§5´I¸;¤"¥$§�§�ÈI§�²k°�¢"¬

F ig u r a 4.3: E s q u e m a d e u m a r r a n jo e x p e r im e n ta l p a r a m e d ir e s p a lh a m e n to d a lu z p o r

u m a s o lu ç ã o [25].

Ò «�¥B²A´I¨+§�¯�¢;£5»@¤"« Ñ ¨�¢;¯Ì§j©$·�¨�ª"² ¨+§p«/°�±7«�¥B² ¯�«�ªD©J§�³�² ³ ¤"£B©$¥$§�¡I§pªI§j´I¸�¤"¥J§jÓ"¬ÕÔ Ñ ±7¢@¡"«�¯�¢;£
¢;È�©J«�¥5² ª�¦'¢�¥$¯	§�½�Ö@«�£1¡"¢p»@¤"«?«�£B©
¹�§�¨�¢;ªD©$«�¨�«�ª"¡"¢�ª"¢p² ªD©J«�¥$² ¢�¥5¡I§p£$¢�³ ¤"½+¾�¢"¬ É £5¥B«�£$¤"³A©J§�¡"¢�£
¡"«�£B©$«R«/°�±7«�¥B² ¯�«�ªD©$¢�¯�¢�£B©J¥$§�¯Â»@¤�«Q×1¯�«�¡"² ¡I§1«�¯Â»@¤"«R§�¤"¯�«�ªD©J§�¯�¢�£U§1¡"«�ª"£$² ¡I§�¡"«R¡"«�£$¤"¥�¶
¦À§�¨�©J§�ªD©$«gª"§_£$¢;³ ¤"½�¾�¢ Ñ §_² ªD©$«�ª"£$² ¡I§�¡"«g¡I§8³ ¤"Æ	«�£$±I§�³ ÇI§�¡I§8º�§�¥$²>§8¨�¢�¯¼¢p§�¤"¯�«�ªD©$¢j¡I§8¨�¢�ª�¶
¨�«�ª-©J¥$§�½+¾�¢5¡"¢5£$¤"¥B¦�§�¨i©J§�ªD©J«�¬®ØÙ£B©J¢5·�«iº�² ¡"«�ª"¨�²>§�¡"¢5ªI§y´I¸;¤"¥$§�Ó"¬ÚÓ Ñ ¢;ª"¡"«[º-«�¥$²A´I¨�§�¶�£$«�»@¤"«�±I§�¥J§
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F ig u r a 4.4: I n te n s id a d e d e lu z e s p a lh a d a e m f u n ç ã o d a c o n c e n tr a ç ã o d e s u r fa c ta n te e m

s o lu ç õ e s a q u o s a s .

8:9<;>=@?BAC9EDBFHGJI�KML�NPO@QR9EACL�SBACL�QCLUTVKM9XWUYXO[ZBO[SBA\O^]UL�QCQCOE_`O@ACNa9#W�YXO[ZBL:9#=@A\LU=�9XZBOXQRNbO@c�LU]�?Jd
ce9XACL�QRL�NfQCOXc�?BW�YXOg9Xh^?BOXQM9iFkjlL�A\mn;>]�9XNPOXQRh^?BL0L�Q\KML&KCm�SoOgZBL0NPOXc�pU]U?Bce9[9XSiACL�QCLUTVKM9[]�O^L�qJm�Q\KMr�TJd
]Ume90ZBLlZBO@m�Qs]�O@NPSoO@AtK-9#NPLUTVKCO@QsO@SoOXQ\KMOXQ(uwvBm�ZBA\OX_`x�c�m�]�O:LRvBm�ZBA\OX_`yXzBm�]UOV{|T^?BNa90}BTBmn]�90L�Q\KMA\?iKC?BAM9JF
~�L��Jm�ZBO�L�QCQM9�]�O^L�qim�Q\KCrUTB]�me9iIXO@Q�=@A\?BSoO@Q�SoO@ce9#ACL�Q�LUTB]�O@TVKCAM9XN�d�QCL<��NPL�AC=X?Bc�v>9XZBO@Q*�#IXO@A\m�LUTVKM9XZBO@Q
T>9:ZBm�ACL�W�YXO�Z>9#Q�NPOXc�pU]�?Bce9XQkZBL(�X=@?>9JI@]�O@N�9XQkh^?>9Xm�Qkm�TVKCLUAC9X=@L�N�_`O@A\KCLUNbLUTVKCL@��9:c�O^]U9Xc�m���9XWUYXO�L
O@ACm�L�TVKM9XW�YXO[Z>9XQR]�9#ZBLUme9XQRvBm�ZBA\OX_`yXzBm�]�9XQRZBL�SoLUTBZBL�AM�[Z>9ESoO@SB?Bce9XWUYXOgZ>9[m�TVKCLUAt_w9X]�L@F��3TBh^?>9XT�KMO
L�qim�Q\KCm�ACL�N�SoO@?B]�9#Q0NPO@c�p�]U?Bce9#Q0T>9bm�TVKCLUAt_w9X]ULauwz>9#m!qB9XQ&]UO@TB]�LUTVKCAM9#WU�^L�Q-{�IBv>9���L�AC�bLUQCS>9XW�OPQC?i;id
]Um�LUT�KMLgS>9XAC9�hV?BL�9#Q�]�9#ZBLUme9XQ:QCL�ZBm�QCSoOXTBv>9XN�S>9#AM9Xc�L�ce9XNPL�TVKML��aQC?BSoLUAt_`x�]Um�L@I�9Xm�TBZ>9ah^?BLgT>YXO
� NPL�AC=X?Bc�v>9XZ>9XQt��uw�km�=BF�DiFHGX9�{�F���NPLUZBm�Z>9�LUN�h^?BLaO�T^}BNbLUA\O�ZBLaNPO@c�p�]U?Bce9#Q�9X?BNPL�TVK-9JI�9
_�9#cnK-9EZBL0L�QCS>9XWUOBIVzoLUN�]UOXNPO�9#QRm�TVKCLUAC9XWU�VLUQlLUTVKCACL:9#QRSBA\y@SBA\me9XQl]�9XZBL�me9XQUIV_w9#�ULUN�]UOXNfh^?BL:9#Q
NPO@c�pU]�?Bce9XQ:QCL�OXACm�L�TVKML�N S�L�A\S�L�TBZBm�]U?Bce9#ACNPL�TVKML��aQC?BSoL�A\_`x�]�m�L�u��km�=iF0DBFHG¡z¢{�F:£(O@TVKCm�T^?>9XTBZBO¤9
9X?BNPLUTVKM9XA&9b]UO@TB]�LUTVKCAM9#W�YXOPZBL<ZBL�KCLUA\=@LUTVKCL@IB]-vBLU=�9*d�QCLE�bQCmnKM?>9#W�YXOPLUN�h^?BLE9bm�TVKML�A\_w9X]�LET>YXO
]UO@TBQCL�=@?BL�QC?BSoOXA\KM9XA:Na9Xm�Q�NPO@c�pU]�?Bce9XQUI�SoOXm�Q�LUTB]UOXTVKMAC9¡d¥QCL�]�O@zoL�A\KM9�SoO@A:?BNa9�NPO@TBO^]U9XNa9XZ>9
ZBL(ZBL�KML�AC=@L�TVKCL(]�O@N¦9�L�QCSoLUQCQC?BAC9�m�=@?>9#ci9XO�]�O@NPSBA\m�NPLUTVKCO�ZBL§?BNa9�NPO@c�p�]U?Bce9iIXNPO@TBO^]U9XNa9XZ>9
u��km�=iFEDiFHG#]*{�FE8:LUQ\KCL�Q<]U9XQCO@QUI¨OXzBQCLUAt�X9XNPO@Q�h^?BL�SBAM9¡KMm�]U9XNPLUT�KML�TBLUTBv^?BNa9¤c�?i��p�L�QCS>9Xc�v>9XZ>9J�
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¼�½\¾M¿0ÀXÁ#ÂX¼�ÃBÄ>Â&Ã>Å#¿0Æ�Çi¼�½\¾CÆRÂÉÈ`¿XÊCËaÂ#Ì�ÅX¿0ÄiÆRÂXÍ@Ê\ÆUÍ@ÂXÄB¿@½ÎËP¿@Ï�Æ�ÐUÑBÏeÂ#ÊCÆ�½Î½CÑiÒ>ÐU¼�Æ�ÃV¾MÆ�½ÎÓ>ÂXÊCÂ&ÆU½CÓ>Â#Ï�Ô>ÂXÊ
Ï�ÑBÕ@Ö

× Æ�ÂXÐU¿XÊCÄB¿ØÐU¿@ËÙÂ�Ò>Í@ÑBÊCÂØÚiÖÛÚBÁ�Æ�Çi¼�½\¾CÆ¤ÑBËaÂØÐ�¿@ÃBÐUÆ�ÃV¾MÊCÂXÌUÅX¿ÜÃBÂØÝ^Ñ>ÂXÏR¿ÜÆU½CÓBÂXÏ�Ô>ÂXËPÆ�ÃV¾M¿
ÂXÑBËPÆUÃV¾MÂ�ÞBÊ\ÑB½CÐ�Â#ËPÆUÃV¾CÆ@Á|¼�ÃBÄB¼�ÐUÂXÃBÄB¿ßÑBËàË�ÑBÄBÂXÃBÌ�Â¤ÆU½\¾CÊCÑi¾CÑBÊCÂXÏ�Ã>Â�½C¿@Ï�ÑBÌUÅX¿âá2Ò>ÍßÚBÖ,ã#Ä¢ä�Á|¿@Ñ
½CÆ·åCÂ<ÆU½\¾MæE¿^Ð�¿@Ê\ÊCÆ�ÃBÄB¿EÃB¿[¼�ÃV¾CÆUÊ\¼�¿@Ê�Ä>ÂE½C¿@ÏnÑBÌ�ÅX¿[Â�Èw¿XÊCËaÂ#Ì�ÅX¿EÄBÆ0ÂXÍ@Ê\ÆUÍ@ÂXÄB¿@½3ËP¿@Ï�ÆUÐ�ÑBÏeÂXÊ\ÆU½UÖ�çs¿@Ê
ÆU½\¾MÂèÊCÂXÕ�ÅX¿iÁ�Âè½C¿@Ï�ÑBÌUÅX¿�Ð�¿@ËPÆUÌUÂ�ÂèÆ�½CÓ>ÂXÏ�Ô>ÂXÊ[Ë�ÑB¼n¾C¿�ËaÂX¼�½gÏ�ÑBÕXÖèé(¿XÃBÐUÆUÃV¾CÊCÂXÌUêVÆU½gÄBÆaÄBÆ�¾CÆUÊ·ë
Í@ÆUÃV¾CÆEÂX¼�ÃBÄ>Â�½CÑiÓ�Æ�Ê\¼�¿@ÊCÆ�½(È�Â#ÕUÆ�ËìÂ#ÑBËPÆUÃV¾MÂXÊÉ¿bÃ^íBËPÆ�Ê\¿bÄBÆEÂXÍ@Ê\ÆUÍ@ÂXÄB¿@½ÉÆ<ÐU¿XÃB½CÆUÝ^ÑBÆ�ÃV¾MÆ�ËPÆUÃV¾CÆ
ÂbÝ^Ñ>ÂXÃV¾C¼�Ä>ÂXÄBÆEÄBÆ<Ï�ÑBÕEÄB¼�½CÓoÆUÊ\½MÂbÓoÆ�ÏeÂb½C¿@Ï�ÑBÌ�Å#¿�á�îk¼�ÍiÖ3ÚBÖHã¡Æ*ä�Ö

F ig u r a 4.5: E s q u e m a tiz a ç ã o d o c o m p o r ta m e n to d a s m o léc u la s d e s u r fa c ta n te e m s o lu ç ã o

a q u o s a c o m o a u m e n to d a c o n c e n tr a ç ã o [25].
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4 .3 C o n c e n t r a ç ã o m ic e la r c r ít ic a ( C MC )
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F ig u r a 4.6: E s q u e m a tiz a ç ã o d o c o m p o r ta m e n to d a s m o léc u la s d e s u r fa c ta n te e m s o lu ç ã o

a q u o s a c o m o a u m e n to d a c o n c e n tr a ç ã o [24].
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­�®�¯°®�±�²�³�­�´�²�µ�®�­�¶+·�²�±�¸�¹�µ�¯�²�·�º�­°®n®�»¼·�º�»�º�µ�º�­�½I¾À¿(Á�¯�»�º#Â�ÁÃ®�ÁÄÂ$º�»�º#¹�Å�ÁÃµ�ºÆ»,²�·�®�±.º�­°Ç
¿"È�¹5É�Ê�Á�µ�º�Ë�®�Á�»,®�Â�¯�².º�»,Á�±�®�·�È�±.º�¯
µ�Á�­�­�È�¯8¿"º�·[ÂLº�¹%Â�®�­�ÌA®�»�·�Á�»,Á�µ�º�­
·�Á�¹�µ�²�É�Í ®�­�µ�º�­�Á�±�È�É�Ê�Á5¶
ÂLº�²�­H·�Á�»,Á�Î�·�Á�¹�·�®�¹%Â�¯$º�É�Ê�Á�¶PÂ$®�»,³A®�¯�º#Â�È�¯$ºK¶Ï³�ÐÑ®�¿"Á�¯�É�ºu²�Ò�¹�²�·�º5½@ÓÑ¿(Á�¯�»�º�É�Ê�Á]µ�®:»,²�·�®�±.º#­
Ç]º�·�Á�»,³�º�¹�Å�º�µ�º>³AÁ�¯:»�È�µ�º�¹�É�º�­:µ�²�­�Â�²�¹%ÂLº�­:®�»ÕÔ�Ö�¯�².º�­:³�¯�Á�³�¯�²S®�µ�º�µ�®�­:¿(¸�­�²�·�º�­�Â$º�²�­:·�Á�»,Á
®�­�³�º�±�Å�º#»,®�¹%Â�Á�µ�®O±�È�×�¶%ÔK²�­�·�Á�­�²�µ�º#µ�®�¶ ·�Á�¹�µ�È5Â�²SÔK²�µ�º�µ�®O®�±�Ç[Â$¯�²�·�ºK¶ Â�®�¹�­$Ê�ÁH­�È�³A®�¯8Ø�·�².º#±Ù¶K³�¯�®�­�­$Ê�Á
Á�­�»,´�Â�²�·�º7®9·�º�³�º�·�²�µ�º�µ�®9µ�®9­�Á�±�È�Ì�²�±�²�×�º�É�Ê#Á2µ5®�­�Á�±�È5Â$Á�­�½�¾ÚÂ$º�»�º�¹�Å�Á�µ�º#­�»,²�·�®�±.º�­+Ô�º#¯�².º�»
®�¹%Â�¯�®}Û5¶�Ü}®FÛ5¶ÝÛ�Û5Ü µ »pµ�®}µ�².Þ�»,®[Â$¯�Á,®�»p­�Á�±�È�É�Í ®�­�·�Á�±�Á�²�µ�º#²�­�½

F ig u r a 4.7: R e p r e s e n ta ç ã o e s q u e m a tic a d e d ive r s o s a g r e g a d o s f o r m a d o s p o r m o léc u la s

a n fi f ílic a s [26].

ß ÁH³�¯�®�­�®�¹%Â$®�·�º#³�¸SÂ$È�±�Á5¶Kº�³�¯�®�­�®�¹%ÂLº#»,Á�­Qº#­M³�¯�²�¹�·�²�³�º�²�­�·�º�¯�º�·�Â�®�¯�¸�­�Â�²�·�º#­Mµ�Á�­M­�È�¯8¿"º�·�Â$º�¹%Â�®�­
®�»�­�Á�±�È�É�Ê#Á>º#à È�Á�­$º�­�½vá+®�­�·�¯�®[Ô*®�»,Á�­,Á�³�¯�Á ·�®�­�­�Á�µ�®�¿(Á�¯�»�º�É�Ê#Ánµ�®2»�²�·�®�±.º#¯�¶�Á�¹�µ�®�Ô*®�¯�²râ
Ø�·�º�»,Á�­�ºu®zã5²�­�Â�ä�¹�·�²�º]µ5®7È�»�ºu·�Á�¹�·�®�¹%Â�¯�º�É�Ê#Á]»,²�·�®�±.º�¯�·�¯�¸SÂ�²�·�ºvåÙæ'ç]æXè[½ ß ®�­�Â$ºuéR®�­�®7È5Â�²râ
±�²�×�º�»,Á�­�®�»À¹�Á�­�­�Á�­�®zã5³A®�¯�²�»,®�¹%Â�Á�­�Á]­�È�¯8¿"º�·�Â$º�¹%Â�®7µ�Á%µ�®�·�²�±M­�È�±S¿"ºfÂ$Á]µ�®:­�´ µ�²�ÁÆåÙê5á}ê�èz½ ß Á
³�¯�´�ã5²�»,Á7·�º�³�¸SÂ$È�±�Á:µ�®�­�·�¯�®[Ô*®�»,Á�­+Á7­�²�­�Â�®�»�ºuë�ì�íAî%ï#ð�ñ�ìbò�ó�ëz¶A­�È�º�­+·�º�¯$º#·�Â�®�¯�¸�­�Â$²�·�º�­+Ë�®�¯$º#²�­+®
­�®�È�­'·�Á�¹�·�®�²SÂ�Á�­XÂ�®�´�¯�²�·�Á�­�½



C a p ít u lo 5

Ra n d o m La s e r s

5 .1 In t r o d u ç ã o

ô�õ�ö�÷5ø�ù�ö�õ,ú�û�ú�ü�ù�û�ú�û�ú�ýFþ�ÿ�����õ����*ý�����û
	�ý��*õ
��������õ,ù�ö�ý�÷���ø���ù�û�ý���ý�ù�÷�õ�������ö�ù�û
����û�÷�ú�õ
�]û#ö���û�÷����! Xù�õ�÷�"�ý#�
��ý�ù�õ�÷�"$�%	%�5ö�	9õ'&�	�ö��,ý�ö�	�õ("�ö�"$�$ý���û]ù�û
&�û*)2ú�ý+��ý#	�û
	,����)�ù�õ ý�	�ý�÷���ý.-"õ
/10�2�3547698:0;&�û
	<�$ö�	�ú�ý�"$�Lû7ú�ý#"�ù�õ�=Aý#	<�$û�� ö�÷�ö�ù�ö.û!>?"�ý
����û@�*ý#	�ú�û�ú�ý�ö�	$û7ù�õ
	%	�ö�ú�û�ý��A=���"�ù�û�ú�ý
�,ý�ö�õ�"Pú�ýB�*û�÷���õOù�û
&�û
)�ý#"Pú�ýB��ý#	�û
	C����)B�.û*"�ý#	�8ÏôOûOù�õ�÷��%	$ûD�E��õOú�õ
"F"�ö�"$��ý#��û
"Pù�õ�÷��*ý�÷�ù�ö�õ�÷�û�ö�"
-G�.û
"�ý�	�ù�õ�÷��*ý�÷�ù�ö�õ�÷�û
�H69�I/�ýJ�$õ
K���õ!�L�
ý��NM#O�þQPR�
ú�ý��,õ�÷�"$�%	�õ
�S��ý�õ�	�ö�ù�û*�,ý�÷���ýT����ý7üT&Aõ�"%"�ø��*ý#�
û
�U&���ö���ù�û*	V����)}û*�%	�û��*ü#"?ú�ý����W�,ý�ö�õ�ý�"%&�û
����û�ú�õ
	?ù�õ��tù�õ ý���ù�ö�ý�÷���ý�ú�ý}û
=�"�õ
	%�#��õ�÷�ý��*û*��ö���û��
öX8Ýý�8Y�*û�÷���õZ�[O* \8
0 ö�ú�ü�ö.û}ú�ý7/�ýJ�$õ
K���õ!��ý#"$�$û��#û�=�û
"�ý�û#ú�û}÷�õ]&�	�õ ù�ý#"%"�õFú�ýOû*�U&���ö���ù�û
�#��õFú�ýD����)'ý#�;�,ý�ö�õ�"

ö�÷��$ý�	�ý�"$�$ý��.û
	�ý#"�÷�ûU&�	�ý#"�ý�÷���û,ú�ýFý�"%&�û
����û�ú�õ�	�ý#"#��ù�õ
�,õE&Aõ�	�ý9^5ý#�U&���õ��_&�û
	<�$ø�ù����.û
"�ú�ý]&Aõ ý�ö�	$û
ù#��"%�,ö�ù�û�8a`b"dce�
�$õ�÷�"�ú�ö�ce��"�õ
"�ý��,ö��$ö�ú�õ
"�&Aõ�	+ý#"$��ý,"�ö�"$�$ý���û�û*�%	$û���ü#"�ú�ý�û
�������f�,ý�ù�û�÷�ö�"%�,õ
-G�,ý�ö�õ'ú�ýY�*û�÷���õQ6:&Aõ%ú�ý#	�ö.û
��û
���,ý�÷��Lû*	g"�ý#�}÷�h��,ý�	�õ��bö�"$�$õXü��fû
�U&���ö���ù�û
	�ûV����)
�!ce��÷�ù�ö�õ�÷�û�÷�ú�õ
ù�õ��,õU���i��ö�&Aõ,ú�ý�	�ý�ûj�$õ�	kc(õ
�%l�÷�ö�ù�õZ��M�ÿ* \8

mÏû*	$û7õ�"b&�û�ú�	$n ý#"�ú�õo"�ö�"$��ý#��û7ù�õ�÷��*ý�÷�ù�ö�õ�÷�û
�V-e�.û
"�ý#	�ù�õ�÷��*ý�÷�ù�ö�õ�÷�û*�
→
�,ý�ö�õ2ú�ý,�*û#÷���õ

ù�õ���õ ù�û�ú�õwý�÷��%	�ýp����û>ù�û#�Kö�ú�û�ú�ýp	�ý#"%"�õ�÷�û#÷��$ý�6J�'ûq&�	�õ�&Aõ�"$�$ûqc(ý�ö��$ûq&Aõ�	T/�ýJ�$õ
K���õ!�r&�û
	�ý�ù�ö.û
û
=�"%��	�ú�û��:&Aõ�ö�"�ý��f���f"�ö�"$��ý#��û@�.û
"�ý#	7��ý#�,õ�"b����ý,�,ö�÷�ö��,ö�)�û
	�û
"b&Aý#	�ú�û
"b��ý#	�û�ú�û
"b&Aõ
	�ý�"<>
&�û
����û
�,ý�÷��$õ�ú�ý�÷��s	�õ�ú�û�ù�û��Kö�ú�û�ú�ý
8]07"%"�ö��t� õ�ý#"%&�û*����û
�,ý�÷���õ2û*�%��û�ú�ýuc(õ�	$��ûT&�	�ýwv$��ú�ö�ù�ö.û*�
û�õx"�ö�"$��ý#��ûZ�.û
"�ý#	��Ïú�ö��,ö�÷���ö�÷�ú�õuõx&�	�õ ù�ý#"%"�õ]ú�ý7û
�#��õx�.û*"�ý#	�8(�uû
"#�Ïý��y�,ý�û#ú�õ�"�ú�ýpM�O�þ�z��
/�ý���õ�K���õ��p&���=���ö�ù�û@���{�%	$û*=�û
����õ7õ�÷�ú�ý�ú�ý#�,õ�÷�"$�s	�õ��]ýJ^�&Aý#	�ö��,ý�÷��Lû*���,ý�÷���ýu����ý�üu&Aõ�"%"�ø��*ý#�
û
�U&���ö���ù�û*	|����)�û*�%	�û��*ü#"Qú�ýd���}"�ö�"$��ý#��ûHý�"%&�û
����û�ú�õ�	d��M�ÿ* \8~0�ý���ù�ö���÷�ù�ö.ûHú�ûHý��,ö�"%"s��õ�ú�ýd����)
ú�û�ú�ûU&Aý���õE"�ö�"$��ý#��û
&�	�õ
&�õ
"$�$õ,ý#	�ûU�u��ö���õU=�û�ö�^�û�����õ�	�÷�û�÷�ú�õ*>{û�ö�÷��Kö����*ý��1&�û
	�û�û*��������û�û*&���ö�>

34



�L���j�����}�*�j�$�*�H�
35

���
�#�
�a�_�]�#�����#���5�p�
�B�]�%�s�
�_�*�����a���d 1���%��¡�����¢U£e�
¤��a¥E�
�$�#�a¤���¤���¤��
�����a�����%�#��¢Q�
��¢R¤�¥U�#�Q�s�
���7��¤�¢��#�$�%���B¥U�����#�����5¦�§��D�J¨�����¤��#�
¥©�
�B�$�#�%§����s�
�����B�9¨����#�$¤�¥U�����ª�
¤��5�«�s��¬��$¤��#���5�����%¤������B���
�
¥E�
¤��«��¤�¢Q�#�$�%���«�%¤��$�%�#¥E�*�D���%�_�
���_�
���
�%���«�#��¥®­Q�*�������

¯ �%¤��$�%�#¥E�a���$�������$�%�,�7�#�$�%§��_�
���u�����k 1�J�%��¡����!¢E�_�
�%�%��§T�$�#���*�%¤�¢
�
¥
�#���%�d���#�%�����%���#��¤����
�L�
�1¥E�
¤��°���Y�%�%±��°�������
�_�*�#²*�*�%�5�9¨����#�$¤�±#����¤��
�°�$���*��¤�³��
�_�*�°���#���«­��$§����D���5 1��´V�
����µ���¥¶¥U���!·
�����7�_�E���#�#�
�_�E���u¸
¹��« °��´k�
����µt�a�������
�����%�
���
�%���,º�»
»�¼\²���§�����¤��#�
�%�
¥½§�¥¾�s�%�
�_�*�����@�������
¥U���$�s�%�
�%�
¥¿�9¨����#�$¤�¥U�����ª�
��¥U�����%�p�*�E���$�����%¤����_�
�����E�#�%�������%�s�
¤��E���Z§�¥À���
�%�#�U���t�#���%�
���%�
�#�����%�#�����'§�¥E�(�%§��%���#���s�
�'��������¤��_�
�k���o���
�$�%Á��#§����
�
���o��¤�¬�¨�¤����'���+�%¤��sÂ
��¤��ÄÃ TiO2 Å � ¯ �¥U�#�%¥U���,�����%���$¢
�*�s�*¥Æ¦�§��o�x�#¥U¤��%�s�*�'�����%�%�+�%¤��$�s��¥E�(�9¨�¤���¤��x���%�
���%¤����_�
���#�,�#�%�������%�s�*¤��
�
�s��¥U�����s�*¤��I���
�%�
�J�s���%Á��$�%¤����*�I���«§�¥Ç���
�%���I¥u§����%¤�·?¥U�������FÈd���#�s�*�I�����%�%�«�%¤��$�%�#¥E���_�*�������%�%§�¤��
����¢R¤��_�*���#�
�J¨R�%�#�$�_�
�#²I¢Q���%¤�É_����§R·?�%�o¦�§��t�(�����#�$­�¤��(���o�J¨���¤��s�
���
�'���'��¤�¥U¤��*�
�_�
�%�.�'�*���
�
���
�%�#�a�T�%§��%���$�#�������#���%�#¥U�����%�T�_�
¤�¨����xÊ~�
�%�p�9¨�����¤����*�u�p��£e�#¤��%��²~�%§�­����$¤�§R·w�%�@§�¥E�x�
¥
����¤�É�·
���
�#�
�U��¤�£e§��s�
����¥®�%�J�s�$�*·w�
��¤�¥U�����ª�*���
�
�_�
�U�%���%�%���_�
���%���

Ë �$�%�]�%¤��$�s��¥E�U�%�#¥¾�#��¥U�E���%¤�����¤��_�
�°�#�
�%�
���%�#�$Á��$�%¤����E�E�����%�%¤���¤���¤��_�*���a���]­����s�
�7�*¥U����¤�É�·
���
�#�
�d���
�%�#�°£e§����_�
¥U�#���s�
�_�7��§�¥Ì�%¤��$�%�#¥E�7��§��%�
¥U�#���%�|�����%���$���#�_�
����²��������%�#�����d�_�*�$�%Á��#§����*�
��¤��$�s�$¤���§�Á��_�
�°�
�����j�s�
�%¤��
¥U�����%�5��§�¥Í¥U�#¤��«���I­Q�*������� Ë �$�%�Y�s¤����«���I�%¤��$�s��¥E�VÉ��#��§��#���������#¤����
�#��¥U�ZÎ«Ï*Ð�Ñ�Ò*Ó½Ô1Ï!Õ�Ö�×9� ¯ ¥U���%¥U�+�����%�%§�¤F§�¥E�T���%�
���%¤����_�
���,���#��§���¤��
�d¦�§��,�
�+�
§��%±����#¤��
���+§�¥E�p����¢R¤����
���+���JÉ_��¤��_�ØÃe�#�
¥U�x¢R¤�¥U�
�,���(�#�
��Á��s§����.ÙR²Y���(���
�%���u�#����¢��#���#¤��
�_�
�X²Y�#�%�s�
����¢R¤��_�*���
�,£e���$¥E�
�_�+���������%���#������� Å �,ÊF���<�ª�*���s��²1���������
�%���%���
�����j�s¬
�%¤����EÃ<×$Ï
Ð�Ñ�Ò*ÓAÚ�Ï!Õ�Ö�×%Õ Å�
�I�_�*�$�%Á��#§����*�I���%�_�
���_�
�����%�
�Y���#�%��¥U���#���_�*¥Ç���_�
���������V���%���#�������#²��%�JÛ_���%¤�����������§�³V�������%�%�
���U¥U�#¤��U����­Q�
�������

Ü �#���
¤����_�T��§�����¤����
�#�
�+���T�s�%�
�_�*�����+���o­
�%§����+���
 1��´V�*����µQ²:�T�%�#¥E�
R a n d o m La s e r�s�J¢Q�k­
�s�*�����k�$�#�����%��§��%�s�
�b�_�7�#��¥u§���¤��_�*���k��¤��#���%Á�É_���7���k¬��R�s¤��#��²��_�*�����b¤���Á��#¤��b�d§�¥E�7���!¢
�

��¤����_�7���B�����%¦�§�¤��s�
�C���d¦�§��B��¤�³|�$���%���#¤��%�bÝ7�
�#�
�7���
�%�#�C��¥Ì¥
�#¤����C�#�%�_�
���_�*�����$�#�C�#��¥Þ­Q�
�������
Ü ���%���T�#���s�
��²Y¤���ß�¥U�#�$���u�%�%�
�_�
�������a�s��¬��$¤��#���u�T�J¨������%¤�¥U�����ª�*¤��u£e���%�
¥y�%�#�
��¤�³��*�����,����¥à�
¤����s§�¤��%�á���p�#�
¥U���%���#�������@�á¥U�#�#�
��¤��%¥U�á�$�#�%�������sâ�¢��#�D���#���á�
�#�
�á���
�%�#�E���#�%�%���T�%¤��$�%�#¥E�*�
º�»�ã*¼\�
Ë ���%�$���s�
���%��²��
��­
§����C�s�%�
�_�
�����
�F¦�§��#�$�%¤����_��¢*�
¥ä�7�����%�%¤���¤���¤��_�
���|���B­��#�%�
�C��§�³|���
�%���F��§�¥

���%�����#�%�%�]���7�
¥U����¤�É_���*���
�]��¤�£e§��s��� Ë ¥©¥
���
�����5���]»�¸�¸Qå�²��]­��%§����]���«æç¤����%�%¥E�Eº[èQéj¼ê��§��R·
��¤��#��§U§�¥ë�%�s�
�_�*����������¦�§_�
��¦�§����$�s¤��
�_��¢
�����9¨�¤��$�s±����#¤������uÎ«Ï
ÐêÑ�Ò*ÓëÔ1Ï!Õ�Ö�×9�~Ê~�
�%����­��$§�����²
§�¥y�%¤��$�s��¥E�p���T�
¥U����¤�É_�#�
���
�p��¤�£e§��s�p�_�
�p�#�%�p���*�_�
³T���@­����s�*�u��§�³@�#��¥ì���
�%�
���%���%Á��$�%¤����*�
����§�¥i���
�%�#��� ¯ §��%�%�,£G�*�%�U¦�§���­����%��§o�#�
���s�$�!¢Q���%�%¤��u£e��¤:�U�%¤��$�%�#¥E�,�J¨����
�$�s�
���#���
­��$§����U���
 °��´k�
����µQ²:����¤��b�������s���$�s��¢
�*¥A�+�#�
�%â*�s���b�_�T��¥U¤��%�s�
�+�#�$�L�����%�%�
�F�_�
�b�%����§��#í����b���,�#���%�
���%�



îLï�ðjñ�ò�ó}ô*ïjõ$ö*÷Hõ
36

ø#ù�úàû+ü%û#úàû�ü%ý_þ
ÿ��_þ���ù��$û#ü��	�¾û�
�ý�ÿ���ø�þ�
��
ù(ý��$ù�ý�ù�ü��sþxý_þ��%þxù'ü���ü��%û�úEþ�������û+ù(ý��%ù�ø�û#ü%ü%ù
û����Qù
ÿ�������ù�� ��úEþ@þ*úUý�ÿ���!_ø�þ�
��
ù��_þUû#ú"��ü%ü#�*ù@û#ü%ý�ù����%$���û�þ'&(�*)�+-,/.10325476 8:9#;�<�2�=�>@?BA�>59%=�C�D
E 0F6�D%DG6H=�>/I:�_þKJ�ûL�sþ�
��
ù"��û�ÿ���M�ø#ù�ú®ø#þ��sþ*øL�%û���N�ü��#��ø#þ
ü«ÿ�þ
ü%ûL�%ü��
O þ��sþ.ùqü���ü��%û#úUþ.û#úP�Q��û#ü��#�
ù�,SRT��ûL�%ü%úEþ'ûZø#ù�ÿ�þ�U�ù��sþ���ù��$û#ü�,|úUù�ü��#�%þ��%þ
úP�Q��ûV��ûL���#�$ù

�_þW�%ûLJ��X�
ùV��ûEþ
úUý�ÿ���!_ø#þ�
��
ùtÿ���ú"���ªþ��_þtý�û#ÿ�ùZü���ü��%û#úEþW��û"U�ù�úYU�û�þ*úUû����%ùZ&B[\CQ012]I�,FþW�^)_+
ù�ø#ù����$û���`a�_þ
üb�����$ûL
�c�û�üb��û'JQþ�����ùSúd`e
���úUù��f)RûpùZ���X$
úUûG�#�$ùZ��ùageû��h
�ûpÿ�þ
ü%ûL�i&BDj2@=�?�Id��û
ULù
úYU�û�þ
ú
û����%ùkgeù��oúY�����sùrþ
ÿ�þ���JQþ���ùk�Q�_þ�����ùl����øL�������mg(�$ù����sþ
ÿ�úUû��n�sûi�_þrþ
úUù�ü����%þØû	��û�o
ýLûL����û�����ùb�_þ@ûL��û���J���þd��ûYU�ù�úYU�û#þ
úUûL���sù�,�ü%û���`@øL����þ��_þ���úEþd�%ûLJ��X�
ùTþ
úUý�ÿ���!_ø�þ��_þ��_þdgGþ*ø#û
gp�$ù����sþ
ÿq�_þ@þ*úUù�ü����sþ"��ù"gGù��%úEþe�sùdJ�û#ù
ú"�L������ø�ùd��ûr��ús����ü%ø#ù_,êý�ù��Dù�����û]ü%û ��û#ü%ûL���Qù�ÿ��QûL�%þ@þ
.*< E � O ù����sþ����%ù�,�û�ü��sû ����ý�ù���ûuþ
úUý�ÿ���!_ø�þ�
��
ù��rJ�ûL�sþ���ù@ý�û�ÿ�þ
ü7ý_þ��$û���û#ü3�_þEø��_ULûG�sþ�&(�$û#øL��ý��ho
û����%ûr�Q��ûaø�ù����#��ú{þTþ*úUù�ü����sþnI��-�dü%ü���út�Q��ûaü%ûr������øL��þEù@ý��%ù�ø�û#ü%ü%ù��_þd�*)_+u,�ü���U�ü%ûL�Q��û����%û#ü
û#ú"��ü%ü�c�û�üFü%û����
ùdûL!_øL��û����%û#úUûL���%û�,
ø�ù����Qû��v�����_þ
üFû#úw.*< E ,e�Q��úÌý��%ù�ø�û#ü%ü%ùdøLN�ø#ÿ���ø�ù1��û|û#ú"��ü%ü�c�û#ü
û]þ�U�ü%ù���
��*ùUû#ü�����úY��ÿ�þ��_þ
ü��
x úEþTù�U�ü%û��v�
þ�
��
ù�gGûL���sþb�Y�Q��ûuý_þ��%þb��úy�$û�J���úUûY��ûYU�ù�úYU�û#þ
úUû����%ùTø#ù�ú{ý���ÿ�ü%ùTû#ü����%û�o

���sù�,�ù
úUû�ø�þ�����ü%úUùF�_þ".*< E �^����ü���J�����!_ø#þ����sûbý_þ��%þFJ�ûL�sþ��kû#ú"��ü%ü#�*ù
û#ü�����úY��ÿ�þ��_þ_� O ù����sþ����%ù�,
ø#ù���ø�ÿ����ho?ü%ûY�Q��ûuý_þ��sþ@ù+þ����%þ��ez$ùTû�
�ý�û�����úUû����sþ
ÿ\&eúUùQ��ùTý���ÿ�üsþ���ù_,:þ����sþ��ez$ù����%þ���ü��QûL�%üsþ
ÿ{,5����o
�sûL��ü����_þ���ûu��û«ûG
Rø����sþ�
��*ù�û«ø�ù���ø#ûL���#�%þ�
��
ù|��ûVø#ù��%þ����%û}IFý��$ù�ý�ù�ü��%ù|��ù*���%þ�U_þ
ÿ���ù|��û-~°þ��kþ����_�
ûaø�ù�ÿ�þ�U�ù��sþ���ù��%û�ü3��ûG�Qû�����þUü%û��-�%û����^)_+ û �@�
ù@þ�
��
ùEÿ�þ
ü%û��L�-�1�_�#�%þUø#ù���ø�ÿ���ü#�
ùd��ùd���%þ�U_þ
ÿ���ù
��û\RT��ûL�$ü%úEþbûVø#ù
ÿ�þ�U�ù��%þ���ù��$û#ü��\�Q��û«þ^���_�@���L��ø���þ^��þ
üYý_þ�����N�øL��ÿ�þ
üYû#ü%ý_þ
ÿ���þ���ù��%þ
üYü%û�����þ�þ
ý�û�o
�_þ
ü�ý_þ��%þ+ø�þ���üsþ���þ
ÿ�J�����ü�û�ü%ý_þ
ÿ��_þ
úUûL���sù
ü�,1ü���J
û���������ùm�Q��û
û#ÿ�þ*ü�ü%ù
úUû����%ûK�$û�����ü�������U���������þ
ú
��ü%ù��#�$ù�ý���ø#þ
úUû��n�sû|ùbûGgeû����%ù^�_þ7û#ú"��ü%ü#�*ùbû#ü%ý�ù����%$���û�þdþ
úUý�ÿ���!_ø�þ��_þ1�Q��úÌúUû���ù1��ûVþ*ÿ��sù1JQþ�����ù_�
�bü5úUû�ü%úUù�ü��sþ
úYU5��ú;ü���J
û������sþ
ú��Q��û«ùF�uA�>5;�=�0w�qA}D}9G�^��ûG�Qû�����þ�ü%û��Iø�ù�úUý��$û#û����_����ù]ø�ù�úUù
��úEþ

A S E
����g(��üsþ�,_ý��$ù�ý�ù�ü��sþ
ý�ù��-~1ûG�sù�����ù}�i�����H,���ùK!@�_þ
ÿ]�_þK����ø�þ���þK��û ���_�

� û#ý�ù���ü���ùK���%þ�U_þ
ÿ���ù"��ù"J�����ý�ù"��û*RT��û��$ü%úEþ_,�ü�����J����%þ
ú¾þ
ÿ�J�����ü-���%þ�U_þ
ÿ���ù�ü-�Q��û*geù��sþ
ú
gp���_�_þ
úUû����sþ���ü7ý_þ��sþEþEø#ù���ü��ªþ��sþ��7þ
ü3����geûL�%ûL��
�þ
ü7ûL�����%û �*)_+ ûK�uA�>5;�=�0��qA}D}9G��� O ùQ��û�úUù�ü
��û#ü��sþ
ø�þ��uù�üY���%þ�U_þ
ÿ���ù�üF�7ù�J�����ù}�qûTø#ù�ÿ�þ�U�ù��sþ���ù��$û#üm�������kû�ú������n��,�)��_þxûTø�ù�ÿ�þ�U�ù��%þ���ù��$û�ü
�����L�°û�ú��������Uû �|û#ø%��û�������JEû�ø#ù
ÿ�þ�U�ù��%þ���ù��$û#ü �����e�°û�ú������n�Q�:+Iü��%û#üu�#�%þ�U_þ
ÿ���ù
üDúUù�ü����sþ��sþ
ú
�Q��ûuûG
_��ü��%ûY��úEþ�geù��v�%ûY��û#ý�û��_������ø���þ���ùTÿ���ú"��þ��1��ùV�uA�>5;�=�0s�qA}D}9G�Eø�ù�úAþ@ø#ù���ø#û��n�#�%þ�
��*ù
��û�û#ü%ý_þ*ÿ��_þ���ù��$û#ü�� O ù��v�sþ����%ù�,�û�ü��#`,ù�ø#ù����$û�����ùK��ú®þ���úUûL���%ùK�_þ
þ
úUý�ÿ���!_ø#þ�
��
ùK�_þuÿ���M�ø#ù�ú
þ
ø����#ü%øL��úUùV��ûUû�ü%ý_þ
ÿ��_þ���ù��$û�ü �_þZþ*úUù�ü����sþ_,qgGþ��%ùtû#ü��%ûd�Q��û"�@�*ùZù�ø�ù����$û"��ùZúUû�ø�þ�����ü%úUùV�_þ
�*)_+-,�ý�ù���ü|ü%û7û#ü%ý�ûL�sþ�����þ �Q��ûdø�ù�ú}ùuþ���úUûL���sùr�_þ]ø#ù���ø�û������sþ�
��
ùr��û7û#ü%ý_þ
ÿ��_þ���ù��$û#ü|ùaûLgeûL���sù
�_þK�*)_+Äü%ûL����þK������U�����ù_,_ùK�Q��û|�@�
ùEþ
ø�ù����%û#ø�û��
O ù
ü��sûL����ù��$úUûL���sû�,Q�kþ
ÿ�þ*ø��_þ������%þ��UûDø�ù�ÿ�þ�U�ù��%þ���ù��%û�ü3�������_ø#ù���ü�������N��sþ*ú���ú;úUùQ��û�ÿ�ù]ý_þ��sþ



�¡ �¢e£�¤_¥§¦� e¨�©�ª«¨
37

¬Z­-®�¯5°�±�²´³µ®}¶�·L¸'¹Wº�»�¬Q¼L½�»#¾�»#¾�¿Àº�»�¬�º5¬�Á�Â�Ã#¾�Ä�¿"¹LÅ�Ã#¹m¼�¬�¿Kº@¾�»#¾�»"¬	¿"¬QÆ�¹LÄ�¬	Æ�¬	Ä�Â�¿"ÂX¾�»KÆ�¹
Çn¾�Å�È�¬kº�»�¬�º5¬�Á�Ã�¬l¼L¬�¿É¬l¿"¬�Æ�¹�Ä�¬kÆ@¾ËÊ*Ì�ÍÎÆ�Â�Ï(½�Á#¾_Ð§Ñ^¹L¿"¬�Å�Á�Ã�»#¾�»#¾�¿ÓÒQ½�¹	¾lÊ*Ì_ÍÎÅ@Ô�¬
º¡¬�Æ�¹�»�ÂX¾3¹GÕ_º�Ä�Â�¼�¾�»Ö¬1Ä�Â�¿"ÂX¾�»ÖÄX¾�Á�¹L»�×�º5¬�Â�ÁØ¾3¹�ÒQ½@¾�Ù�Ô�¬1Æ@¾^Ê*Ì_ÍÚÆ�Â�Ï(½�Á#¾3Å@Ô�¬1Á�¹\¾}Û�½�Á�Ã%¾1¾�¬�ÁÖÆ@¾�Æ�¬�Á
¹GÕ_º5¹�»�Â�¿"¹LÅ�Ã%¾�Â�Á3¹|Å@Ô�¬dÁ�¹|Ün¹�»�Â�Ý@¼�¾d¾"Æ�¹Lº5¹�Å�Æ�ÞLÅ�¼�ÂX¾"¼�¬�¿y¾"¼L¬�Å�¼�¹LÅ�Ã#»�¾�Ù�Ô�¬dÆ�¹ ¹LÁ�º@¾�Ä�È@¾�Æ�¬�»�¹�ÁLÐ
ß ¬�»vÃ%¾�ÅnÃ#¬�×à¬�¿"¬QÆ�¹LÄ�¬�á@¾�Á�¹�¾�Æ�¬�Å@¾bÊ*Ì_Í�ârÂ�Å@¾�Æ�¹�ÒQ½@¾�Æ�¬dº@¾�»#¾d¾}Û�½�Á�Ã%¾�»3¬�Ä�Â�¿"ÂX¾�»3Æ�¹rÇ�¾�Å�È�¬�Ð
ã Á�Á�Â�¿W×:Æ�¹V¾�¼L¬�»�Æ�¬ä¼L¬�¿ ã ¿Yá@¾�»vÃ�Á�½�¿rå�¾�Ål¹W¼�¬�ÄX¾�á5¬�»#¾�Æ_¬�»�¹LÁ�×:¬	¿"¬QÆ�¹�Ä�¬	Æ@¾aÊ*Ì�ÍæÆ�Â�Ï(½�Á#¾
º@¾�»#¾W½�¿d¾VÇ�¹L¬�¿"¹LÃ�»�ÂX¾V¼�Â�Ä�ç�Å�Æ�»�Â�¼�¾V¹�º@¾�»�¾V½�¿´º�Â�¼L¬èÆ�¹d¹GÕ_¼LÂ�Ã%¾�Ù�Ô�¬è¼L¬�¿´Á�¹LÙ�Ô�¬VÃ�»�¾�Å�Á�Ün¹�»�Á#¾�Ä
¼�Â�»�¼�½�ÄX¾�»L×n¾�Á�Á�Â�¿é¼L¬�¿"¬^¬F¸�®�¯à°�±�²�ê�®}¶}·G¸�×�¬^Ä�Â�¿"ÂX¾�»ØÆ�¹:Çn¾�Å�È�¬^¼�»�ç�Ã�Â�¼�¬ γc

º5¬QÆ�¹L»�ÂX¾1Á�¹L»Øº�»�¹LÜ�Â�Á�Ã�¬
º¡¹LÄX¾KÁ�¹�Ç�½�Â�Å�Ã#¹*¹�ÒQ½@¾�Ù�Ô�¬Vë�ì�í�îHï

γc =

{

lt
3

[

(

2, 4

R

)2

+
( π

H

)2

] }

(5.1)

¬�Å�Æ�¹|ðñâ*¬"»�¾�Â�¬KÆ@¾K»�¹�Ç�ÂXÔ�¬"Æ�¹*¹�Õ_¼�Â�Ã#¾�Ù�Ô�¬"¹|òóâ*¬"¼L¬�¿"º�»�Â�¿K¹�Å�Ã�¬"Æ�¹*º5¹�Å�¹GÃ�»#¾�Ù�Ô�¬KÆ�¬"ÄX¾�Á�¹L»
Æ�¹|á5¬�¿Yá5¹�¾�¿"¹�Å�Ã�¬"Æ@¾�Æ�¬Kº¡¬�»�ï

H = 3

√

lt
3αp

(5.2)

¬�Å�Æ�¹ lt
â|¼�¬�¿"º�»�Â�¿K¹�Å�Ã�¬"Æ�¹*Ã�»#¾�Å�Á�º5¬�»�Ã�¹|¹ αp

â|¼�¬�¹LÝ@¼�Â�¹LÅ�Ã�¹|Æ�¹ ¾�á�Á�¬�»�Ù�Ô�¬�Ð
ô ¾3¹LÒQ½@¾�Ù�Ô�¬^õ�Ð�ìS¬�á�Á�¹L»�Ü�¾}öjÁ�¹÷ÒQ½�¹ γc

â÷Â�Å�Æ�¹�º5¹�Å�Æ�¹LÅ�Ã�¹SÆ�¹ lt
×�¬�½rÁ�¹øÛ�¾�×�Ïp¾�Ä�Ã#¾�Æ�¹SÆ�¹�º5¹LÅ�Æ�Þ�Å�ö

¼�ÂX¾KÆ�¹ γc
¼�¬�¿s¾K¼L¬�Å�¼�¹LÅ�Ã�»#¾�Ù�Ô�¬"Æ�¹*¹�Á�º@¾�Ä�È@¾�Æ�¬�»�¹�Á�×�¬"ÒQ½�¹|â^Ã#¬�Ã%¾�Ä�¿"¹�Å�Ã�¹|¼�¬�Å�Ã#»�¾�Æ�Â�Ã�ù�»�Â�¬d¾�¬�Á

¹GÕ_º5¹�»�Â�¿"¹LÅ�Ã#¬�Á�Æ_¹ úµ¾�û\¾�Å�Æ_åië�ì�üeîq¹ ý:¹�¼%þ�¹�»�Â�Å�ÇVë�ÿ��eîHÐ
� Å���¿"¹L»�¬�Á�Ã�»#¾�á@¾�Ä�È�¬�Á÷Á�¬�á�»�¹1­-®�¯à°�±�²w³q®}¶}·G¸1Ï(¬�»�¾�¿�»�¹�¾�Ä�Â���¾�Æ�¬�Á÷¹-Å�¬}Ü�¾�Á÷¼�¾�»�¾�¼LÃ�¹�»�ç�Á�Ã�Â�¼�¾�Á

Á�½�»�Ç�Â�»�¾�¿´¾�¼�¹LÅ�Ã#½@¾�Å�Æ�¬�öB¬'¾�Â�Å�Æ�¾V¿d¾�Â�Ár¼L¬�¿"¬è½_¿´Á�Â�Á�Ã#¹L¿d¾VÂ�Å�Æ�¹Lº5¹�Å�Æ�¹LÅ�Ã#¹dÆ@¾'Ê*Ì_Í:×µ¼�¬�¿"¬
º¡¬�»-¹�Õ_¹�¿"º�Ä�¬_ï÷¾K¹L¿"Â�Á�Á#Ô�¬"á�Â�¼�»�¬�¿���Ã�Â�¼�¾Wë�ì�í�îq¹|¬KÏ(¹LÅ
	�¿"¹�Å�¬KÆ�¹|»�¹�öj¾�á�Á�¬�»�Ù�Ô�¬Vë�í���îHÐ
ã Ã#½@¾�Ä�¿K¹�Å�Ã�¹�×�¬*Á�Â�Á�Ã#¹L¿d¾F¸�®�¯à°�±�²�ê�®}¶}·G¸1â\á5¹�¿w¼�¬�Å�È_¹�¼�Â�Æ�¬*¹\¬*¿"¹�¼�¾�Å�Â�Á�¿"¬*»�¹LÁ�º5¬�Å�Á
��Ü�¹�Ä

º¡¹LÄX¾�¾�Ù�Ô�¬mÄX¾�Á�¹�»^âFá@¾�Á�Ã#¾�Å�Ã�¹F¹�Á�Ã�½�Æ@¾�Æ�¬_Ð ô ¬�Ün¬�Á^¹GÕ_º5¹L»�Â�¿"¹LÅ�Ã#¬�Á*¹YÃ�¹�¬�»�ÂX¾�Á1Ã�Þ�¿ Á�½�»�Ç�Â�Æ�¬�Å�¬
Â�Å�Ã#½�Â�Ã�¬"Æ�¹*¹GÕ�º�Ä�Â�¼�¾�»-¾�Á-¼�¾�»�¾�¼LÃ�¹�»�ç�Á�Ã�Â�¼�¾�Á-Æ�¹LÁ�Á�¹|Á�Â�Á�Ã�¹�¿"¾_×�á5¹�¿ ¼L¬�¿"¬"º5¬�Ã#¹LÅ�¼�ÂX¾�Â�Á-¾�º�Ä�Â�¼�¾�Ù��Q¹LÁ
ë ü�üeîHÐ ß ¬QÆ�¹�¿"¬�Ám¹LÅ�¼�¬�Å�Ã�»�¾�»�¬ ¸�®�¯5°�±�²À³µ®}¶�·G¸aÅ@¾�Á�¿d¾�Â�Á�Æ�Â�Ün¹L»�Á#¾�Á�¼�¬�Å_Ý@Ç�½�»#¾�Ù��Q¹�Á�¼L¬�¿"¬
º¡¬�»|¹�Õ_¹�¿"º�Ä�¬_ï|Á�¬�Ä�½�Ù��Q¹�Á|Æ�¹K¼�¬�»�¾�Å�Ã�¹�Á|¹K¿d¾�Ã#»�Â��L¹�Á|º5¬�Ä�ç�¿"¹L»�Â�¼�¾�Á|Æ�¹"¼L¬�»#¾�Å�Ã#¹LÁ ¾�¿Yá@¾�Á�×q¼�¬�¿
º@¾�»�Ã�ç�¼L½�ÄX¾�ÁF¹LÁ�º@¾�Ä�È@¾�Æ�¬�»#¾�Á�×�º5ù�Æ�¹b¼L»�Â�Á�Ã%¾�Â�ÁYÆ�¹��¡Å��F× ¼�»�Â�Á�Ã%¾�Â�ÁFÄ�ç�ÒQ½�Â�Æ�¬�Á�×�Á�¬�Ä�½�Ù��Q¹�ÁF¾�ÒQ½�¬�Á#¾�Á
¹�Å�Ã�»�¹m¬�½_Ã#»�¬�ÁWë�ì���îHÐ�� ¬QÆ�¬�Á"¹�ÁvÃ#¹LÁ"Á�Â�Á�Ã�¹�¿d¾�ÁKÁ#Ô�¬�Ï(»�¹LÒ���¹�Å�Ã�¹�¿K¹�Å�Ã�¹m¼�È@¾�¿d¾�Æ�¬�ÁKÆ�¹	¸�®�¯à°�±�²
³µ®}¶�·G¸�¶L×�¾�º5¹LÁ#¾�»\Æ�¹*º5¬�Á�Á�½�ç�»�¹�¿ Æ�Â�Ï(¹�»�¹�Å�Ã�¹�Áu¿"¹L¼�¾�Å�Â�Á�¿"¬�ÁuÆ�¹^»�¹GÃ#»�¬�öj¾�Ä�Â�¿"¹LÅ�Ã%¾�Ù�Ô�¬_Ð ß ¬�»�Ã#¾�ÅnÃ#¬�×
º¡¬�Æ�¹�¿"¬�Á ¼LÄX¾�Á�Á�Â�Ý@¼�¾�» ¬ ¸�®�¯à°�±�²ó³q®}¶}·G¸u¹�¿ Æ�½@¾�Á ¼�¾�Ã�¹�Ç�¬�»�Â�¾�Á�ï��(Â���¸�®�¯5°�±�²ñ³q®}¶}·G¸uÂ�Å�¼�¬Q¹L»�¹LÅ�Ã#¹
¹���·%·#°� %®"!
#mÅ@Ô�¬"»�¹�Á�Á�¬�Å@¾�Å�Ã�¹�×$�(Â�Â��^¸�®�¯5°�±�² ³q®}¶}·G¸Y¼�¬�¿%��·%·�°� %®"!
#m¼L¬Q¹�»�¹LÅ�Ã#¹*¹|»�¹LÁ�Á�¬�Å@¾�Å�Ã�¹�Ð



&('")+*�,.-0/1'+24315�2
38

5 .2 C a r a c t e r ís t ic a s G e r a is

6�7�897;:=<�897?>�@?A"BDC�E4<�7�ED8FC�A"BDC�G">D<�>4B
C�8�@?>IH
7;BD<�JK7MLDN?O�P"Q1R0S�NUT�V�LXWY7�ED@?8ZJ
E4<�89C�<�ED@?89C�A"B
C
J
ED7�JK7?>4B
7?>9B
C�7�E4<�[�@?89C�A"B
C\JK7�E�]^C�BD7�_�`
7�:aAb@cH
d�[�@?Hb@eH
Cgf�h=Gji.>
@?A
H
7k@eBDC�7?ED<l@eH
CmC�>DJb@Un
o `b@?89C�A"BD7aH
C o i
p?Grqb@?>D<�[�@?8FC�A"BDCs@1>\C�t�i
@?u�v�C�>\H
CeH
<wWYi
>
x?7
y{z|7aC�A"B
@?A"BD7
Gr>
@?qKC}n~>DCet�i
C
C�>DJb@ o `b@189C�A"BD7�H
C�A"BDED7�Hb@M[�@�:=<�Hb@?H
C o @?>DC�Erd�J
EDC��4i
H
<�[�<l@ o Jb@?ED@M7�J
E47�[�C�>D>D7�Hb@�@?u�x?7 o @?>DC�E�G
J(7?EDt�i.CX7�89C�>D897�E4C�H
i
pX@�EDC}B
E471n�@ o <�89C�A"B�@1u�x?7�[�7�C�E4C�A�B
CXHb@ o i.pXC�8 o @?>DC�ED>j[�7?A":�C�A
[�<�7�Ab@?<�>�y
� >4B
C;WY7�<�i.8�H
7�>r8971B
<w:�7?>rt�i
C;BD7�EDA
7?i�7�>D<�>4BDC�8�@MJ
E47�JK7�>4BD7�JK7�Er]�C�BD7�_�`
7U:\Abx?7�@1BDE
@1BD<w:�7
Jb@?E
@�d�JK7�[�@.G=Abx?7F@?J
E4C�>DC�A"B
@?A
H
7�A
C�A
`�i
8{BDED@?qb@ o `
7�E4C o C�:1@?A"BDCXJK7�Ej8�@?<�>jH
CrBDED��>�H
d�[�@?Hb@?>�y

� 8������?�979��EDi
JK79H
C;]$@��j@?A
H.��G
C�>4BDi
Hb@?A
H
79>D<�>4B
C�8�@?>�J.i
E
@?89C�A"BDC;H
C�>D7�E4H
C�Ab@?H
7?>�C�8
i
8�89C�<�7gH
CM��@?A
`
7
G�7�q
>DC�E4:�7�iki
8�@gE4C�H
i
u�x?7gH
7gC�>DJKC�[�BDED7gH
CMC�89<�>D>
x?7gt�ib@?A
H
7�@mH
C�A=n
>D<�Hb@?H
C�H
7�89C�<�7�C�>DJb@ o `b@?H
7�E�@1B
<�A
�?<�i�i.8�H
C}BDC�E489<�Ab@?H
7g:?@ o 7�E��w���}��y � >4BDCMWYC�A.��89C�A
7gWY7?<
[�`b@?8�@1H
7�H
C�C�89<�>D>
x17�B
<�JK7 o @?>DC�E�C o C�8�q
E47�i�7�B
ED@?qb@ o `
7�7?ED<��?<�Ab@ o H
C�]^C}B
7�_"`
7U:����1��yk�
B
ED@?qb@ o `
79H
C;]^@���@1A
H.��C [�7 o @1q(7?E
@1H
7�EDC�>�W¡7?<^798�@?E4[�79<�A
<�[�<l@ o Ab@?>¢J(C�>Dt�i
<�>
@?>¢C�8£>D<�>4BDC�8�@1>
C�>DJb@ o `b@1H
7�EDC�>r[�7�8���@?A
`
7.G¤t"i
C�8�@?<�>rB
@?E4H
C¦¥b[�7?i�[�7�A
`
C�[�<�H
7�[�7�897�LDN?O�P"Q1R¨§^NUTUV}L�yª©=ib@
[�7�A"BDE4<�q
i
<�u�x?7�WY7�<�8�i
<wBD7�:?@ o <�7�>
@=GIJK7�<�>9@ o d�8«H
C\E4C�>D��@1B
@?E9@e<�H
d�<l@eH
C\]^C}B
7�_"`
7U:(G¬C�>4BD<�8�n
i o 7�iaJKC�>Dt�i
<�>
@?H
7�E4C�>FC�­.JKC�E4<�89C�A"B�@?<�>�C�BDC�®?ED<�[�7�>9¯�H
C�>DC�A�:�7 o :�C�E�B
ED@?qb@ o `
7?>FA
C�>4B
@e°1EDC�@�C�G
t�i
C�H
C�>DH
C�C�A"B
x?7
G±C�­.JKC�E4<�89C�A"BD7�>�CMB
C�7�ED<l@1>�C�>4B
x?7�>DC�H
C�>DC�A":�7 o :�C�A
H
7
G±t�ib@?>DC�Ab@g89C�>D8�@
:�C o 7�[�<�Hb@?H
C?y

�²>D<�>4B
C�8�@ i
>
@1H
7;JK7�E¬]^@���@?A.H.�FC¢>DC�i
>¬[�7 o @?qK7?E
@?H
7?EDC�>³WY7�<bi
8�@ª>D7 o i
u�x?7;H
C¢E47�Hb@?89<�Ab@
f?��hµ´¡¶¢`=n�f?��h�·�JKC�ED[ o 7�E
@1Hb@.GIH
< o i
¸�Hb@�C�8¹89C}B�@1A
7 o GI[�7?A"B
C�A
H
7ci
8�@�>Di
>DJKC�A
>
x?7eH
C\Ab@?A
7+n
Jb@?E4BD¸�[�i o @?>jH
CXH
<�®�­.<�H
7�H
C|B
<wB
º?A
<�7\´

T iO2

·¬[�7�8{i
8{H
<lº?89C}B
E47�89d�H.<�7�H
C »�¼?h�A
8{CX¸�A
H
<�[�C
H
C¦E4C�WYED@?u�x?7

η = 2, 7
y�½¾>D7 o i
u�x?7MH
C;[�7?E
@1A"B
C�´¡¶¢`=n¿f1��h�·�d;7M89C�<�7�H
C;��@?A
`
7MH.7M>D<�>4BDC�8�@.G

>DC�A
H
7\EDC�>DJK7�A
>
°�:�C o JKC o @\@?q
>D7�E4u�x?7mC9C�89<�>D>
x17mHb@ o i.p�y�½r>;Jb@1E4BD¸�[�i o @1>;C�>DJb@ o `b@1H
7�ED@?>;>
x?7
W¡7?E4BD¸�>D>D<�897�>�[�C�A"B
E47�>�C�>DJb@ o `b@?H
7?EDC�>�E4C�>DJK7�A
>
°�:�C�<�>�J(C o @a@189J o <w¥b[�@?u�x?7�Hb@ o i
p�H
C�A"BDE47aH
7
89C�<�7
y ÀÁ@?ED@�>DC�7�q.B
C�Eª@MC�89<�>D>
x?7.G^@1>X897 o d�[�i o @?>XH
7�[�7�E
@1A"B
C�>
x?7�C�­.[�<wB
@?Hb@?>X7?J.B
<�[�@?89C�A"BDC
J(7?E�i
8 o @?>DC�E�J
i o >
@1H
7µz�H�Â ÃI½�ÄFy¢��Jb@?JKC o J
E4<�A
[�<�Jb@ o Hb@?>�Jb@?EÅB
¸�[�i o @?>\C�>DJb@ o `b@?H
7?E
@1>\d
W¡7?EDA
C�[�C�EI@ E4C�@ o <�89C�A"B
@?u�x?7;A
C�[�C�>D>
°1ED<l@ J
@?E
@ª7�[�7�E4E4C�E¬@ C�89<�>D>
x?7 [�7�8Æ[�@?ED@?[�BDC�E4¸�>4BD<�[�@?> o @?>DC�E�y

�X>¬EDC�>Di o B�@1H
7�>IH
C�>D>DC¢B
ED@?qb@ o `
7¦897�>4BDE
@1E
@?8Æt�i
Cr@;J
E4C�>DC�A
u�@ H
C|C�>DJ
@ o `b@?H
7�E4C�>IA.7¦89C�<�7
H
C���@?A
`
7¦@ o BDC�ED@ H
C¢WY7�E48�@;>4<���A
<w¥b[�@+B
<w:?@;@ Ab@1BDi
E4C�p�@;Hb@ C�89<�>D>
x?7;H
7;89C�<�7
G"7�[�7�EDE4C�A
H
7¦i.8
C�>4BDEDC�<wB�@189C�A"BD7gAb@\>Dib@mqb@?A
Hb@\C�>DJKC�[}B
ED@ o G$:?@?E4<l@?A
H
7gH.C

≈ Ç h\A
8�@1BDd
≈
�gA
8\G�t�ib@1A
H
7

C�ED@k@?i
89C�A"B
@?Hb@k@cC�A
C�ED�?<l@sH
CmqK7�8�qKC�@189C�A"BD7
yÈ�Xq
>DC�EÅ:?@1E
@?8¹B�@18�qKd�8Ét"i
C�@cH
i
E
@1u�x?7
H
7�>9J
i o >D7?>9C�89<wB
<�H.7�>9>D71W¡E4<l@�i
8�@�EDC�H
i
u�x17cH
ED°?>4BD<�[�@e@?[�<�8�@�H
7 o <�8F<l@?EFH
C

≈
�eA
>FJb@?ED@



Ê(Ë"Ì+Í�Î.Ï0Ð1Ë+Ñ4Ò1Ó�Ñ
39

Ô�Õ�Õ�Ö
×�ØwÔ�Ô�Ù�ÚFÛ|Ü�×4Ý
Ü�ÝDÞ
ß1àbß?á�â
ã
ä�åbæ�ã?çcÜ�è�é�ê
Ü�ë"ÝDÜ9ì"ç
Ü9Þ4Ü�álß1æ�é�ã�ëbß1ë
ê
ãmß�álß?ÞDí?ç
Þ
ß�ê
Ü9á�é�ë
â
ß�ê
Ü
Ü�î9é�×D×
ï?ã|ÜIã�×�ß?×DÖKÜ�æ}ÝDã�×�êbß�Ü�î9é�×D×
ï?ã|Ü�×DÖKÜ�æ}ÝDÞ
ß?á"×Dã�à
Þ4ÜIã|á�é�î9élß?Þ�álß?×DÜ�Þ�ä+ÝDÜ�î9ã�×�ß�é�ë
ê
é�æ�ß?ð�ï?ã|ì�ç
Ü
ß�ÞDÜ}Ý
Þ4ã1ñ�ß?á�é�î9Ü�ë"Ý
ß?ð�ï?ãMÝ
Ü�î�ò¡Þ4Ü�ì"ç
ó�ë
æ�élß�ëbï?ã1ñ~Þ4Ü�×D×Dã�ëbß1ë"Ý
Ü?ä¤àbß?×DÜ�ß1ê
ã�ëbßMÝ
Ü�ã�Þ4élß�ê
ÜFô�Ü�ÝDã�õ�â
ãUè
ØwÔ�Õ1Ù�Ú
ö î%Ô�÷�÷�ø�ä1ù�Ü�æ�õ�Ü�Þ4é�ë
í¢Ü±æ�ã�álß1àKã�ÞDß?ê
ã�Þ4Ü�×¬Øûú�ø+Ù�Ö
ç
à
á�é�æ�ß?Þ
ß1îüç
îÈÝDÞ
ß1àbß?á�â
ã�ã�ë
ê
Ü³î9ã?×4Ý
ÞDß?ÞDß?î

ì�ç
ÜjãXá�é�î9élß?ÞÁálß?×DÜ�ÞÁê
ÜjÜ�î9é�×D×
ï?ãXý�òYã�ÞÅÝ
Ü�î9Ü�ë"ÝDÜjê
Ü�ÖKÜ�ë
ê
Ü�ë"ÝDÜjêbßrê
Ü�ë
×Dé�ê
ß?ê
Ü þ
ρ ÿ ê
ÜjÖbß?ÞÅÝ���æ�ç
álß?×Ü�×DÖbß?á�âbß1ê
ã�Þ
ß1×�Ü�êbßgæ�ã�ë
æ�Ü�ë"Ý
ÞDß?ð�ï?ã�ê
Ü�æ�ã�ÞDß?ë"ÝDÜeþ

CR h ÿ Ú��³Ü�Þ4éwåbæ�ß1Þ
ß?î ì�ç
Ü�ã�ß?ç
î9Ü�ë"ÝDã�êbß
ê
Ü�ë
×Dé�êbß?ê
Ü�ê
ã�î9Ü�é�ã�Ü�×DÖbß?á�âbß1ê
ã�Þrê
é�î9é�ë�ç
é�ã�á�é�î9élß?Þrálß?×DÜ�Þrê
ã�×Dé�×4ÝDÜ�î�ß=ä¤ê
é�î9é�ë�ç
é�ë
ê
ã�ß?é�ë
êbß
î�ß?é�×Mæ�ã?îÉã ß?ç
î9Ü�ë"ÝDãkêbßsæ�ã�ë
æ�Ü�ë"ÝDÞ
ß?ð�ï?ãsê
ãkæ�ã?Þ
ß?ë"ÝDÜ�Ú��bã�é�Ý�ß1î�àKý�îÉã?à
×DÜ�ÞÅè?ß?ê
ãsì�ç
Ügã
ß?ç
î9Ü�ë"ÝDãgê
Ü�×D×DÜ�×¦Öbß?Þ��?î9Ü}Ý
Þ4ã�×�þ

ρ
Ü

CR h ÿ é�î9Ö
á�é�æ�ßmëbß\ÞDÜ�ê
ç
ð�ï?ã\Ý
Ü�î9ÖKã�Þ
ß1á¬êbßmálß?Þ4í�ç
ÞDßmê
ãÖ
ç
á�×Dã9Ü�î9éwÝDé�ê
ã
Ú
Û|ßMåbí�ç
ÞDß	�=Ú�Ô�ä¤é�á�ç
×4ÝDÞDß?î9ã�×Xç
î Ü�×Dì"ç
Ü�î�ßMÝ���Ö
é�æ�ã�ê.Ü�ç
î ×Dé�×4Ý
Ü�î�ß�

����������
�������ä¤æ�ã�ë=ñ

×4Ý
éwÝDç���ê
ã�ê
ÜXç
î{î9Ü�é�ã�ê
ÜXí�ß?ë.â
ã\þ¡×Dã?á�ç
ð�ï?ã�ê
Üræ�ã�ÞDß?ë"ÝDÜ ÿ æ�ã�ë"ÝDÜ�ë
ê.ã�Öbß?ÞÅÝ���æ�ç
álß?×jê
é�×4ÝDÞDé�à
ç���êbß1×ß?á�Ü�ß1ÝDã�Þ4élß?î9Ü�ë"Ý
Ü?Ú��µ×Dé�×4Ý
Ü�î�ß|ý�àKã�î�à
ß?ÞDê
Ü�ß?ê
ãrã?Ö.Ý
é�æ�ß?î9Ü�ë�Ý
ÜIÖKã�Þ�ç
î Ö
ç
á�×Dã|álß?×DÜ�Þjþ! #"%$& ÿ äã9ì�çbß?á�í�Ü�Þ
ßFÜ�î£×DÜ�ç\é�ë"ÝDÜ�Þ4é�ã�Þ¢î�ç
á Ý���Ö
á�ã�×¢Ü�×DÖbß?á�âbß?î9Ü�ë"ÝDã�×�Ú

F ig u r a 5.1: E s q u e m a d o s is te m a R a n d o m L a s e r, c o m o m e io d e g a n h o e a s p a r tíc u la s

e s p a lh a d o r a s d is tr ib u íd a s d e f o r m a a le a tó r ia . P S r e p r e s e n ta o f e ix e la s e r d e b o m b e a m e n to .

' ã�î�ß�é�ë
æ�é�ê
ó�ë
æ�élß�ê
ÜFç
î Ö
ç
á�×Dã�álß1×DÜ�ÞXê
Ü�à(ã?î�àKÜ�ß?îFÜ�ë"ÝDã
ä^ß?×Xî9ã�á�ý�æ�ç
álß?×ªê
ã�æ�ã�ÞDß?ë"ÝDÜ
×
ï?ã Ü)(.æ�éwÝ
ß?êbß?×�ÜgÜ�î9éwÝ
Ü�î á�ç�*aþYé�ë
é�æ�élß?á�î9Ü�ë"ÝDÜgëbßsòYã�Þ4î�ßkê
ÜgÜ�î9é�×D×
ï1ã Ü�×DÖKã�ë�Ý+�?ë.Ü�ßkì�ç.Ü�ý
ß?î9Ö
á�éwåbæ�ß1êbß�ß1ÝDÞ
ß�è�ý�×�ê
ã�Ö
Þ4ã�æ�Ü�×D×Dã�ê
Ü;Ü�î9é�×D×
ï?ã�Ü�×4Ý
é�î¦ç
álß?êbß.Ú-,|×|Öbß1Þ4Ý���æ�ç
álß1×|Ü�×DÖbß?á�âbß?ê
ã?Þ
ß1×
ê
Ü�×DÜ�îFÖ(Ü�ë
âbß?î�ç
î�Öbß?ÖKÜ�á¬òYç
ë
êbß?î9Ü�ë"Ý�ß1á�ë
Ü�×4ÝDÜ�×Dé�×4Ý
Ü�î�ß.ä±ÖKã?é�×�×
ï1ã�Ü�álß?×�ì�ç
Ü�ß?Ö
Þ4é�×Dé�ã�ëbß?î



.0/�132547698�/3:<;�=>:
40

?	@BA�CED5F�G�?
HI?KJ�L&MBJ�N�F�G�MBL
GOHI?&?
PQL5R<N�G�?7S%TU?
CVF�J�H�L&WVL5PYXZA�FQL&WVL5PE[�G<MBPEF�J�N�L&H�L&WV?
PEMBJ�\�L
[0F�G<WVL5G<G�MBH7L&[�FV@BLKT^]
N�L5J�ROR�F`_�?&?
A�PEF�J�N+?�H�L&F�Pba
c
G<Md?
ReL5G�H�F�J�ROH�FQD5G�?
J�H�FVCV?&?�J�N�F�ROH�FQR�?
MBG
HI?fPEFVR�Pf?7gihj[�F�R�?
GkH�FlJIm
LnF)o7MBR<N�MBGkA�Pf?fW�?�apMBHI?�H�F5S�W�L5PqL5Rr?�@sN�L
RjDt?�J�\�L5Rr?�[�G�F�R�FVJ�N�?
H�L5R
[0F�@BL5RrWVL5G�?
J�N�FVRVS%?nN+?3o7?KH�F#R�?
usHI?KH�FvT^]
N�L5J�Rr[�LZH�FVG�cwR�FVGjTU?
W�MB@BPEFVJ�N�F#MBD5AI?�@d?
HI?K?wN�?3o�?wH�F
WVG<Md?
x�m�L�S�FyMBR<N�LnzlF)o�?�N�?
PEFVJ�N�Fl?fWVL
J�H�MBx�m
Lf[I?
G�?fXZA�FlL�WVL5G<G�?n?n?
xVm
Ln@d?
R<FVG�g{h|F�PEMBR�R�m
LnR�F
HI?
G�ceFVP}N�L�HI?
R~?
R�H�MBG�F�xV�ZF�RVS�Pf?
R�PEFVR�PELl?
R�R�MBP�?�[�G�F�R�FVJ�N�?
G�cy?
@BD5A�Pf?
R�WV?
G�?
W�N�FVG<uBR<N�MBW�?
R�H�F
A�Pf?QFVPEMBR�R�m
LQ@d?
R�FVG{WVL5J�a5FVJ�W�MBL5JI?
@�g

5 .3 C o n c e it o s t e ó r ic o s

� L5PELEPEF�J�WVMBL5JI?�H�Lf?
J�N�FVG<MBL5G�PQFVJ�N�F5S�LEPELZH�F�@BLEHI?f�e�7�|H�MsT^A�R�?QJIm
LQT^L5M%WV?
[I?
COH�FeF�oZ�
[�@BMBW�?
GrL5ROG<FVR�A�@sN�?
H�L
ROF)o7[�FVG<MBPEFVJ�N�?
MBReL5�7N�MBH�L5RO[I?�G�?	?KH�FV[�F�J�H��VJ�W�Md?KH�L&@BMBPQMd?
Ge@d?
R�F�GeWVL
P
?vH�F�J�R�MBHI?
H�FjH�L#PEF�MBLvFVR�[I?
@B\I?�H�L5GVg���?
G�?vF)o7[�@BMBW�?�G-FVR<N�FVR�G<F�R�A�@sN+?
H7L5RVS7��?
@d?
W+\I?
J�H�G�?
JKFjWVL3�
@d?
��L5G�?
H�L5G<FVRe�s���3�%?
[�G�F�R�FVJ�N�?
G�?
P�A�P�PELZH�F�@BLvT^A�J�HI?
PEF�J�N+?�H�L#FVP�F�XZAI?
xV��FVR�H�FjN�?3o�?v[I?�G�?
A�PYR�MBR<N�FVPE?	H�FQ@d?�R�FVGeW�L5G�?
J�N�FQH�FQH�L5MBReJ�usatFVMBReMBJ�W�@BA�MBJ�H�L&?
Re[�G�L5[�G<MBF�HI?
H�FVReFVR�[�F�W�N�G�?�MBROH�L
R�MBR<N�F�Pf?QH�FODt?
J�\�L7g���?
G�?QX�AI?
J�N�Ms�IW�?
G{LEPEFVW�?�J�MBR�PELEH�FOG�FV?
@BMBPEF�J�N+?�x�m
LE@d?�R�FVG�SIA7N�MB@BMBC�?�G�?
P
PEz�N�LZH�L5RiH�Fl��L5J�N�F � ?
G<@BLE[I?
G�?QLE[�G�L
��@BFVPf?QH�FOPl��@sN�MB[�@BL
R�F�R�[I?
@B\I?
PQFVJ�N�L5RVg

� FVR<N�FvN�G�?
�I?
@B\�L�S�?
[�G�F�R�FVJ�N�?
P�A�P�PELZH�FV@BLnN�FV]5G<MBWVLwF#HI?�H�L5RrF�o7[�F�G<MBPEFVJ�N�?
MBRrXZA�FvWVL
Jp�
�IG�Pf?
P�?nMBH�z�Md?nH�FlXZA�FvLnR�MBR<N�F�Pf?nR�FlWVL5PE[�L
G<N�?nW�L5PELwA�P�?�J�FV@�@d?�R�FVGkJ�Lw@BMBPEMsN�FlHI?fTU?
R�F
?
@BF�?�N�]5G<Md?�WVL
P�F�R�[I?
@B\I?
H�L
G�F�R	XZA�F [�G�L5PQL�atFVP�?¡?�@BMBPEFVJ�N�?
x�m�L¡J�FVWVF�R�R�c
G<Md?�[I?
G�?¢?¡?�x�m
L
@d?
R�FVG�g-£|PQLZH�FV@BLEWVL5J�R�MBH�F�G�?EXZA�FOLQatL5@BA�PEFOH�Fy?
PE[�@BMs�IWV?
x�m
LEzOHI?QT^L
G�Pf?QH�FOA�P�W�MB@BMBJ�H�G�L
WVL5P¤W�LZF��IW�MBFVJ�N�FVRiH�FOD5?
J�\�LE\�L5PEL
D5�VJ�F�L5RVg

h¥D5FVL
PEF�N�G�Md?#H7LQPELZH�FV@BL#A�R�?
HI?#[I?
G�?#L#W�c
@BW�A�@BLQH�LQ@BMBPEMd?�G{H�L	¦�§
¨ª©�«�¬¤­s§�®�¯�¦vzrG<FV[�G<F��
R�FVJ�N�?
HI?fJ�?E�ID5A�G�?w°Zg²±pSªL5J�H�FyzyT^F�MsN+?EA�Pf?fG<FV[�G<FVR�F�J�N�?
x�m
Lf��MBH�MBPEF�J�R�MBL5JI?
@³H�FlA�P�a5L5@BA�PEF
WVMB@BMBJ�H�G<L#H�FrG�?
MBLf´¥Fe?�@sN�A�G�?Eµeg7¶·R�R�?vD5FVL
PEF�N�G�Md?vzrA�R�?�HI?vH�F�apMBH�LQ?
LvTU?3N�L#H�FrXZA�FjXZAI?
J�H�L
L�[�A�@BR�L�H�Ff��L5Pv��F�?�PEFVJ�N�L�MBJ�W�MBH�FnJI?�?�PEL5R<N�G�?7S�TUL
G�Pf?��`R�FfA�Pf?�G<FVD
Mdm
L�H�Fn?
PE[�@BMs�IW�?�x�m
L
J�LvT^L5G<Pf?�N�LvH�FjA�P�W�MB@BMBJ�H�G�LvJI?yTU?
WVFkT^G<L5J�N�?
@0HI?v?
PEL
R<N�G�?7g�£¥W�L5PE[�G<MBPEFVJ�N�LvH�L#W�MB@BMBJ�H�G�Lvz
H�F�N�FVG<PEMBJI?
H�Le[�F�@d?r[�G<L
T^A�J�H�MBHI?
H�F�H�F{[�F�J�F�N�G�?�x�m
LE¸!µ�¹�H�Le@d?
R�F�G�H�F{��L5Pv��FV?
PEFVJ�N�L�g�ºpF�J�H�L
XZA�Fvµb[�LZH�FOR�F�GiF)o7[�G<FVR�R�LEWVL
PEL�»

H = 3

√

lt
3αp

(5.3)

L5J�H�F lt
zOWVL
PE[�G�MBPQFVJ�N�LEH�FeN�G�?�J�R�[�L5G<N�FOF αp

zOWVL�F��IWVMBF�J�N�FOH�Fy?���R�L5G�xVm
L�g



¼0½�¾3¿5À7Á9Â�½3Ã<Ä�Å>Ã
41

ÆÈÇIÉ5Ê�Ë�ÌÎÍpÏ²Ð¡Ë<ÑVÒ�Ë<ÑVÓ�ÑVÔ�Õ�Ì¢Ê�Ö×ÖEÑVØBÙÛÚ�ÑÜÉtÌ
Ô�Ý�ÙÛÞVÙ5Ô�Õ�ÑVÔ�Ú�ÙÛÒIÌ
ËßÕ�àBÞ�Ê�ádÌ
Ó�Ñ�Ó�ÒIÌ
áBÝIÌ
Ú�Ù
Ë�Ì
Ó
Ú�ØBÓ<Õ�Ë<ØBâ�Ê�àBÚIÌ
ÓeÌ
áBÑ�Ì3Õ�Ù5Ë<ØdÌ
ÖEÑ�Ô�Õ�Ñ
ã%ÖEÙ
Ó<Õ�Ë�Ì
Ô�Ú�Ù	ÌKÑ�Ó�äZÊ�ÑVÖfÌ3Õ�ØBåVÌ
æ�ç�Ù	ÚIÌwÒ�Ë�Ù
ÒIÌ
ÉtÌ
æVç
ÙKÚ�Ñ#è^é�Õ�Ù5Ô7Ó
Ô�ÑVÓ�Ó�ÑOÖEÑVØBÙEÑ�è^Ñ�Õ�ÊIÌ
Ô�Ú7ÙfÖvê�ásÕ�ØBÒ�áBÙ5Ó�Ñ�Ó�ÒIÌ
áBÝIÌ
ÖEÑ�Ô�Õ�Ù
ÓVÏ-ëkÌQÇIÉ
Ê�Ë�ÌpãIÙ5â�Ó�ÑVËßì
Ì
ÖEÙ
Ó�Ú�ÊIÌ
ÓiË�Ñ�É5ØBíZÑVÓ
Ú�Ñ�ÇIÔ�ØBÚIÌ
Ó�îvïjÑiîOÐpð�î#ïkñjÌyË<ÑVÉ5Ødç�ÙvÌ
ÖEÒ�áBØsÇIÞ�Ì�Ú�Ù5Ë�Ì7ãZÒ�Ë�éVò7ØBÖfÌlóyÓ�Ê�Ò�ÑVËßè^àBÞVØBÑ
ãZäZÊ�ÑkñjÌ�Õ�ØBÔ�É5ØBÚIÌ
Ò0Ñ�áBÙÛô#õ%ö�ô÷Ñ�îeÐøñùÌøÓ�ÑVÉ5Ê�Ô�ÚIÌøË<ÑVÉ5Ødç�Ù�ã�ÖfÌ�ØBÓKØBÔ�Õ�ÑVË<ÔIÌ7ãiäZÊ�Ñ ÔIç
Ù�ñ�Ì3Õ�ØBÔ�É
ØBÚIÌÛô#õ%ö�ô-Ï
ëkÑVÓ�Ó�ÑlÓ�ØBÓ<Õ�ÑVÖEÌ7ã�Ù5Ó�èUé�Õ�Ù
Ô�ÓjÑ�ÖEØsÕ�ØBÚ�Ù
ÓjÒ�ÑVáBÙnÞ�Ù5Ë�Ì�Ô�Õ�ÑlÒ�Ù�Ú�ÑVÖ�è�Ì�ÞVØBáBÖEÑ�Ô�Õ�ÑlÑ�Ó�Þ�Ì�ÒIÌ
ËkÚIÌfË�Ñ�É5Ødç
Ù
Ú�Ñ�Ì
ÖEÒ�áBØsÇIÞVÌ
æ�ç
ÙQúûî#ï�ü�ã5Ì
Ó�Ó�ØBÖýÞVÙ
ÖEÙjÒ�ÙZÚ�ÑVÖýÒ�ÑVË<ÖfÌ
Ô�Ñ�ÞVÑ�ËþÔ�ÑVÓ�Ó�ÌkË<ÑVÉ5Ødç�Ù�ÏþÆkáBÉ5Ê�Ô�ÓþÚ�ÑVÓ�Ó�Ñ�Ó�Ñ�Óßÿ
Þ�Ì
ÒIÌ
ÖýÒIÌ
Ë�Ìkè^Ù5Ë�ÌjÚIÌjË<ÑVÉ
Ødç
ÙrÚ�Ñ-ÉtÌ
Ô�Ý�Ù7ã5ØBÔ�Ú�ÙjË�Ñ�Ó<Õ+Ì�Ô�Õ�Ñ-ÒIÌ
Ë�ÌrÌ
Ó�Ë<ÑVÉ
ØBíZÑVÓ�ÔIç�Ùrâ�Ù5Övâ�ÑVÌ
ÚIÌ
Ó�Ú�Ù
ÖEÑVØBÙwÌ�Õ�ØsìtÙ�Ï��jÑVÒ�Ù5ØBÓkÚIÌfÓ�Ñ�ä����VÔ�Þ�ØdÌfÚ�ÑlÖvê�ásÕ�ØBÒ�áBÙ5ÓkÑVÓ�ÒIÌ�áBÝIÌ
ÖEÑVÔ�Õ�Ù5ÓVã�Ì
áBÉ5Ê�Ô�Ó�è^é
Õ�Ù5Ô�ÓkÒ�ÙZÚ�ÑVÖ
Ë�Ñ�Õ�Ù5Ë<ÔIÌ
Ë{ÒIÌ
Ë�ÌEÌQË<ÑVÉ5Ødç
ÙfÌ3Õ�Øsì�Ì7ã�Ó�Ù
è^Ë<ÑVÔ�Ú�ÙfÌ
Ó�Ó�ØBÖ¤Ê�ÖfÌQÖEÌ
ØBÙ5Ë�Ì�ÖEÒ�áBØsÇIÞ�Ì
æVç
Ù�Ï

F ig u r a 5.2: E s q u e m a tiz a ç ã o d o p r o c e s s o d e m ú ltip lo e s p a lh a m e n to d e n tr o d e u m m e io

d e g a n h o . P 1 e P 2 re p r e s e n ta m a s p r o b a b ilid a d e s d e c a m in h o s a le a tó r io s q u e o s f ó to n s

p o d e m p e r c o r r e r n e s s e m e io e s p a lh a d o r [13].

� Ò�Ë<ÙZÞ�ÑVÓ�Ó�Ù Ú�Ñ&Ë�Ñ�Õ�Ù5Ë�Ô�ÙÜÒ�Ë�Ù
ÖEÙ�ìtÑ�ÌÜË�ÑVÌ
áBØBÖEÑ�Ô�Õ+Ì
æVç
Ù Ú�ÙÜÓ�ØBÓ<Õ�Ñ�ÖfÌ7Ï��rÊIÌ
Ô�Ú�ÙÜÙ ÑVÓ�ÒIÌ�ÿ
áBÝIÌ
ÖEÑVÔ�Õ�ÙfñOè^Ù5ËßÕ�Ñ
ã�ÌEÒ�Ë<Ù5âIÌ
â�ØBáBØBÚIÌ�Ú�ÑyÚ�ÑyË�Ñ�Õ�Ù
Ë�Ô�Ù ú
	��
�����
������ü{ñlÌ
ásÕ�Ì7ãªÑ�Ô�Õ+ç�ÙnÌnÌ�áBØBÖEÑVÔ�Õ�Ì
æVç
Ù
Õ�Ñ�Ô�Ú�ÑQÌwÓ�ÑVËeÌ�ásÕ+ÌnÕ�Ì
Övâ�ñ�Ö&Ï � áBØsÖEØdÌ
ËrádÌ
Ó�Ñ�Ërñ#Ú�Ñ�Õ�Ñ�Ë�ÖEØBÔIÌ�Ú�ÙwèUÌ
åVÑ�Ô�Ú�ÙKÙKâIÌ
ádÌ
Ô�æVÙKÚIÌnÕ�Ì3ò�Ì
Ú�Ñlè^é�Õ�Ù5Ô7ÓjÒ�ÑVË<Ú�ØBÚ�Ù5Ó#ú^è^é
Õ�Ù5Ô�ÓkäZÊ�ÑlÓ�ç
ÙwÑ�Ó�ÒIÌ
áBÝIÌ
Ú�Ù
Ókè^Ù5Ë�ÌnÚIÌfË<ÑVÉ5Ødç�Ù�úûîOÐ5ü<üiÞVÙ
Ö�Ù5ÓkÉ5ÑVË�Ì
Ú�Ù
Ó
ÔIÌnË<ÑVÉ5Ødç
ÙnÚ�Ñ#Ì�ÖEÒ�áBØsÇIÞ�Ì
æVç
Ù�úûî#ï�ü�Ï � äZÊ�ÑváBÑ�ì
Ì
ÖEÙ5ÓkÑVÖ�Þ�Ù5Ô�Ó�ØBÚ�ÑVË�Ì
æVç
ÙwñvÌnÓ�Ù5ÖfÌfÕ�Ù
Õ�Ì
á�Ú�Ù
ÉtÌ
Ô�Ý�ÙräZÊ�Ñ{ñ�ÙeÒ�Ë<ÙZÚ�Ê7Õ�ÙeÚIÌrÌ
ÖEÒ�áBØsÇIÞVÌ
æ�ç�ÙeÒ�Ù5Ë�Ê�Ô�ØBÚIÌ
Ú�Ñ�Ú�Ñ�ÞVÙ5ÖEÒ�Ë<ØBÖEÑ�Ô�Õ�Ù7Ï � ÊQÓ�Ñ���ÌpãtÞ�Ù5Ö|Ù
Ì
Ê�ÖEÑVÔ�Õ�ÙyÚIÌOÕ�Ì3ò�ÌOÚ�Ñ�è^é�Õ�Ù5Ô7Ó~Ú�Ñ�â�Ù5Övâ�ÑVØBÙ7ãpÌOÕ�Ì3ò�ÌOÚ�Ñiè^é
Õ�Ù
Ô�Ó~É5Ñ�Ë�Ì�Ú�Ù5Ó~ÔIÌOË�Ñ�É5Ødç
ÙyÑVÓ�Ò�Ñ�Þ�Õ�Ë�Ì
á
Ú�ÙeÒ�Ë<ØBÖEÑVØBË<ÙrÉtÌ
Ô�Ý�ÙrÖ��3òpØBÖEÙOÌ�áBÞ�Ì
Ô�æVÌeÌkÕ�Ì3ò�ÌjÚ�Ñ-è^é
Õ�Ù5Ô�Ó�Ò�Ñ�Ë�Ú�ØBÚIÌpÏ�ëkÙrÑVÔ�Õ�Ì
Ô�Õ�Ù�ã5ÒIÌ
Ë�ÌjÙ5ÓþèUé3ÿ
Õ�Ù5Ô�Ó�ä�Ê�Ñ{ÑVÓ<Õ�ç
Ùrè^Ù5Ë�ÌrÚIÌrË<ÑVÉ
Ødç
ÙeÚ�Ñ�è^Ë<ÑVäZÊ���Ô�ÞVØdÌrÖ��3ò7ØBÖfÌ7ãtÌjÕ+Ì�ò�ÌrÚ�Ñ�è^é
Õ�Ù5Ô�Ó�É5Ñ�Ë�Ì�ÚIÌrñ{ÖEÑ�Ô�Ù5Ë
äZÊ�ÑvÌEÕ�Ì3ò�ÌfÚ�Ñyè^é
Õ�Ù5Ô�ÓkÒ�ÑVË<Ú�ØBÚIÌ7Ï��·Ô�Õ+ç�Ù�ã0ÌfÚ�Ñ�Ô�Ó�ØBÚIÌ
Ú�ÑlÚ�Ñyè^é�Õ�Ù5Ô7ÓrÌ
ÙfË�Ñ�Ú�Ù5ËkÚIÌEè^Ë<ÑVä�����Ô�ÞVØdÌ
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d N2(t)

d t
= [1 − N2(t)]BbIb(t) − N2(t)

∫

Be(λ)Ie(λ, t)d λ − N2(t)Γ (5.5)

d Ie(λ, t)

d t
= c[γ0(λ)N2(t) − γth ]Ie(λ, t) + η(λ)N2(t) (5.6)
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¾�¿c¿DÀ�Á6Â�Â�Ã>Äg¿DÂ�ÅIÄ$Æ�Ç
È)Æ�¿SÉ2Ê�Ë�¿cÁ6Æ�Á6ÌDÁMÉgÉgÉ)ÍSÃ>Ä<ÎMÉ>Â�¿�ÏDÐ
Γ Ñ É2Ç�É"Ò�É<¾�¿�¿�À�Á6Â�Â�Ã>Ä<¿�Â�ÅIÄ$Æ�Ç�È>Æ�¿�ÉÓ

Γ = 1/τ Ô ¾�¿ZÇ�¿DÏ�À�ÁKÆCÉ>¾CÉd¿°Ò&ÅI¿�Ï,Á6À�¿�Æ�Ç�É>Î6À�¿DÆ�Ç�¿$Õ γ0 Ñ ÄdÖ�É>Æ�×�Ä¥Ç�Ä>Ç�É>Î�¾�ÄdÂ�Á6Â,Ç�¿DÀ�É¥¿¯Ø2ÉÙ ¿�Î6Ä�ÌDÁ6¾CÉ>¾�¿O¾CÉ�Î6Ë�ÚOÆ�Ä�À�¿�Á6Ä&Ð
Û ¿DÂ�Ä$Î Ù ¿�Æ�¾�Ä�É>Â�¿DÊ�ËCÉ>Í�Ü�¿�ÂNÉ>ÌDÁ6À�É ÓoÝ ÐßÞ�¿ Ý Ð Ý Ô Æ�Ë�À�¿�Ï,Á6Ì�É>À�¿�Æ�Ç�¿$ÕHàáÉ>ÎMÉ)Ì°×CÉ>Æ�¾�Ï�É>Æâ¿�Ì�Ä"ãÎMÉ>äIÄ$Ï�É>¾�Ä$Ï,¿�ÂcÄ$ä�Â�¿DÏ Ù É>Ï�É>ÀåÊ�Ë�¿gÀ�Ä�¾�¿DÎ6ÄhÂ�¿£Élæ,Ë�Â,Ç�É Ù ÉfÅI¿�Ïsçb¿�ÁKÇ�É>À�¿�Æ�Ç�¿<Ì�Ä$ÀåÄ$ÂcÏ,¿�Â�Ë�ÎKÇ�É>¾�Ä>Â

¿ZÒ&ÅI¿�Ï,Á6À�¿DÆ�Ç
É)Á6Â�Ä$ä&Ç�Á6¾�Ä$Â<èKéSê)ë Ð¤ìíÀ�Ä�¾�¿�ÎMÉ)Ö$¿�Àî¾�ÄfÂ�Á6Â,Ç�¿�À�Éðï�ñ>ò�ó�ô)õîö6ñl÷SøDï�À�Ä$Â,Ç�Ï,Ä$Ë¤Ê�Ë�¿
¿ZÒ&Á6Â,Ç�¿OË�À�ÉNÖ$Ï�É>Æ�¾�¿U¾�ÁKçb¿�Ï,¿�Æ�Í�ÉN¿�Æ�Ç�Ï�¿U¿�Â,Ç�¿OÂ�Á6Â,Ç�¿�À�ÉN¿�É�ìUù&ú¤¾�ÁKçbË�Â�É&Ð

5 .3.1 P a r â m e t r o s c a r a c t e r ís t ic o s d o s is t e m a

úHÀûË�ÀüÂ�Á6Â,Ç�¿DÀ�É¥ï�ñ)òIó�ô)õûö6ñl÷SøZïZÕqÉAÎ6Ë�ÚNÂ�Ä>çbÏ,¿�Å�Ï�É)Ç�Á6ÌSÉ>À�¿DÆ�Ç�¿N¾�Ä$Á6ÂOÅ�Ï,Ä�ÌD¿�Â�Â�Ä$ÂOÂ�Á6À�Ë�Î
Ç
È"ã
Æ�¿�Ä$Â�ýTÀ�þ�ÎKÇ�Á6Å�Î6Ä$ÂX¿DÂ�ÅCÉ>Î6×CÉ>À�¿DÆ�Ç�Ä>ÂX¿�É>À�Å�Î6ÁKÿCÌ�É>Í�Ã>Ä�Ð��^Ä$ÏsÇ�É>Æ�Ç�Ä�Õ Éc¾�¿DÂ�Ì�Ï,Á6ÍSÃ)Ä�¾�ÄcÇ�Ï�É)Æ�Â�ÅIÄ$Ï,Ç�¿
¾�¿¥Î6Ë�Ú¥Æ�Ë�À À�¿�Á6Ä�Æ�¿�ÌD¿�Â�Â�ÁKÇ�É¯¾CÉ¯ÌSÉ>Ï�É>ÌZÇ�¿DÏ�Á6Ú�É>ÍSÃ)Äð¾�Ä>Â2Å�Ï,Ä�Ì�¿DÂ�Â�Ä$ÂA¾�¿¥Á6Æ�Ç�¿DÏ�É>ÍSÃ>Ä�¿DÆ�Ç�Ï�¿¥Ä
ÌSÉ>À�ÅIÄ¥¾�¿AÏ�É)¾�ÁMÉ>ÍSÃ)Äd¿AÄ¥À�¿�Á6Ä¥¿�À Ê�Ë�¿�Â,Ç�Ã>Ä�Ð��^É>Ï�É£Ç�É>Æ�Ç�Ä�Õ`Ë&Ç�Á6Î6Á6Ú�É>À�Ä$ÂN¾�ËCÉ>Â�Ö$Ï�É>Æ�¾�¿DÚSÉ)Â
ÅCÉ>Ï�ÉcÊ�ËCÉ>Æ�Ç�Á
ÿCÌSÉ>ÏXÉcÀ�É>Ö$Æ�ÁKÇ�Ë�¾�¿�¾�¿�Á6Æ�Ç�¿�Ï�É>Í�Ã>Ä�¾CÉcÎ6Ë�Ú$ý�É�É>À�Å�Î6ÁKÇ�Ë�¾�¿�¾�¿�¿�Â,ÅCÉ>Î6×CÉ>À�¿DÆ�Ç�Ä��
Ó � Ñ ÷�ÅCÉ>Ï�É�¿DÂ�ÅCÉ>Î6×CÉ>À�¿DÆ�Ç�Ä�¿2ñ2ÅCÉ)Ï�É�É>ä�Â�Ä>Ï�Í�Ã>Ä Ô ¾�¿�Ë�À�É�ÅCÉ>Ï,Ç��6ÌDË�ÎMÉ�ÌDÄ$À«Ä�ÌSÉ>À�ÅIÄ�Õ ¿�Ä
Æ�þ�À�¿�Ï,ÄA¾�¿�ÅCÉ)Ï,Ç��6Ì�Ë�ÎMÉ)ÂOÆ�ÄAÀ�¿�Á6Ä�Ð�ìzÂ�Â�Á6À2ÕqÉ�çbÄ>Ï�À�É�¾�¿NÁ6Æ�Ç�¿DÏ�É)ÍSÃ>ÄAÅIÄ�¾�¿NÂ�¿�ÏUÊ�ËCÉ)Æ�Ç�ÁKÿCÌ�É>¾CÉ
Å�Ä>Ï�èKé Ý ë ý

κX = NσX o u seu inver so lX =
1

NσX
(5.7)

Ä$Æ�¾�¿
κX Ñ ÄOÌDÄ�¿ZÿCÌ�Á6¿�Æ�Ç�¿T¾�¿TÁ6Æ�Ç�¿DÏ�É>Í�Ã>Ä�Õ$¿TÇ�¿�À É)ÂH¾�Á6À�¿�Æ�Â�Ü�¿�ÂH¾�¿TÁ6Æ Ù ¿DÏ�Â�ÄU¾�¿TÌ�Ä$À�Å�Ï,Á6À�¿�Æ�Ç�Ä�Ð

ìð¿ZÒ&Å&Ï�¿DÂ�Â�Ã>Ä Ý Ð��zÁ6Æ�¾�Á6ÌSÉjÌ�Ä>À�ÄXÄzÀ�É)Ç�¿�Ï,ÁMÉ>Î�Á6Æ
	CË�¿DÆ�Ì�ÁMÉjÄXÌSÉ)À�ÅIÄX¾�¿`Ä$Æ�¾CÉjÅI¿�ÎMÉjÁ6Æ�Ç�¿DÏ�É>Í�Ã>Ä
��Ð ì ÿCÖ>Ë�Ï�É Ý Ð~ê�¿DÂ�Ê�Ë�¿�À�É"Ç�Á6Ú�É�Ä�ÌDÄ$À�ÅIÄ$ÏsÇ
É)À�¿�Æ�Ç�Ä�¾CÉ�Á6Æ�Ç�¿DÆ�Â�Á6¾CÉ>¾�¿�¾CÉ�Î6Ë�ÚNÉ>ÄAÉ)Ç�Ï�É Ù ¿�Â�Â�É)Ï
Ë�À�À�¿DÁ6Äc¿DÂ�ÅCÉ>Î6×CÉ>¾�Ä>Ï�Ð��H¿�Ï,ÁKÿCÌSÉ)À�Ä$ÂzÊ�Ë&¿�É�Á6Æ�Ç�¿�Æ�Â�Á6¾CÉ>¾&¿x¾�Ä�çb¿�Á
Ò|¿x¾�Á6ÀNÁ6Æ�Ë�ÁoÕ�ÅIÄ�¾�¿�Æ�¾�Ä�¿�Â,Ç�¿
¿Dçb¿�ÁKÇ�Ä�¿�Â,Ç�É>Ï�É>Â�Â�Ä�ÌDÁMÉ>¾�Ä�É>Ä�¿DÂ�ÅCÉ>Î6×CÉ>À�¿DÆ�Ç�ÄNÄ$Ë<É>ä�Â�Ä$Ï,ÍSÃ)Ä�¾CÉNÎ6Ë�Ú$Ð


 Ä$Æ�Â�Á6¾�¿�Ï,¿¥¾�¿�Â�Î6Ä�ÌSÉ>À�¿DÆ�Ç�ÄðÉ>Ä�Î6Ä$Æ�Ö$Ä�¾�Ä�¿�Á
Ò&Ä�Ú$Ð��^Ä$À�É)Æ�¾�Ä�Ì�Ä$À�Ä�Ï�¿Zçb¿�Ï���Æ�ÌDÁMÉ¯Ç�Ä�¾�Ä
Äâ¾�¿�Â�Î6Ä�Ì�É>À�¿DÆ�Ç�Ä

d z
ÅI¿�Ï,Ì�Ä>Ï�Ï,Á6¾�ÄâÆ�ÄâÀ�¿DÁ6Ä�ÕjÉfÁ6Æ�Ç�¿DÆ�Â�Á6¾CÉ>¾�¿ Ñ Ï�¿D¾�Ë�Ú�Á6¾CÉfÅIÄ$Ï�Ë�À�ÉdçbÏ�É>Í�Ã>ÄÅ�Ï�Ä$ÅIÄ>Ï�ÌDÁ6Ä$ÆCÉ>Î��NÁ6Æ�Ç�¿�Æ�Â�Á6¾CÉ)¾�¿

I
Ê�Ë�¿OÅIÄ�¾�¿OÂ�¿DÏ�¿DÂ�Ì�Ï,ÁKÇ�ÉNÌ�Ä$À�Ä&ý

d I = −κXId z (5.8)

Û ¿DÂ�Ä$Î Ù ¿�Æ�¾�Ä�ÉN¿�Ê�ËCÉ)ÍSÃ>Ä Ý Ð��|Õ�¿�Æ�Ì�Ä>Æ�Ç�Ï�É>À�Ä$ÂjÉ�¿ZÒ&Å�Ï,¿�Â�Â�Ã>Ä�ÅCÉ)Ï�É�É�Î6¿�Á�¾�¿�à[¿D¿�ÏDý

I(z) = I0e
−κXz (5.9)



���������
�! "��#�$"%&#
44

F ig u r a 5.3: E s q u e m a d a in c id ê n c ia d e u m f e ix e d e lu z e m u m m e io e s p a lh a d o r. lX é u m

c o m p r im e n to c a r a c te r ís tic o [15].

')(+*-,�.-/1032�,�4
lX = κ−1

X

,�05(6,�057�038�29*1:6/;*1057�<5*-=>*1?60@<34�/1(6,�AB/1058�2�46C�*;?6AD7�29.-86<3A>*;(E03,GF
<54�,�,�AB?6*H8+*JIK:+*-=�*JAB8�2L03867�AB?+*-?60M864HNO03AQP
0SRM,�05?6:6T3AB?+*H(+*-,�*

I0/e U (E4-,V037�(+*-=BW+*-/1038�2�410YX�4�:*-Z67�4�,�[]\-4
^
lX

R_4�=BAD`a,�0b<5*-/1AB86W64c/1R5?6AB4 U *d?6AB7�29."86<5A>*c/1R3?6A>*c038�2L,�0b?64-AB7e03`f038�2�4�7e?60057�(+*-=BW+*"/1058�2�4�7V4�:g*-Z67�4-,�[5\-46^
h *ji+k�:6,�*_lK^�m U `-*-/14�7@7�:6(E4�,nIK:60o4p/105AB4p037�(+*-=BW+*-?64-,@057�2�0Gq�*g/103,�k-:6=BW+*-?64p05/r:6/;*

7�4�=B:6[]\"4�?60�<54-,L*"8�2L0-^ h 057�2L*s7�AD2L:6*-[]\-4 U 2L03/14�7t*s<34K0uP
AB7�2�v586<3A>*s?64�7w(+*-,�.-/10u2L,�4�7w?60�*-Z67�4�,�[]\-4x
κa y 0z057�(+*-=BW+*"/1058�2�4 x κs y 7�AB/{:6=D2L*-8605*-/1058�2�0 U (E4�AB7{4|/105AB4|037�(+*-=BW+*p0�*-Z67�4�,}`f0�^ h 057�2�0<]*-7�4 U 4;057�(6*-=BW+*-/1038�2L4;RS/{:6AD2L4;/;*"AB7~AB/1(E4�,�2L*-8�2�0n(E4�,�IK:60n,�05?
:6T@*1AB8�2L03867�AB?+*-?60n?
41NO05AQP
0AB86<5AB?6038�2L01/{:6AD2L4j/;*-AB7n,��-(6AB?64g?64gIK:60HN�*"To*g*-Z67�4-,�[5\-46C@*jAB8�2�05,�*-[]\"4gIK:6012�AD`f03,n4g/;*"AB4�,
<54K0ui+<5AB058f2L0e?60u2L03,�/1AB8+*_4b,�03k�AB/10e?60�2�,L*-8
7�(�4-,�2�0�^�'�0uNO05AD2�4b<54�/{Z6AB8+*"?64�Re<9W+*-/;*-?64b?60
<54K0ui+<5AB058f2L0M?60S0uPa2�AB86[5\-4 U 0S7�:+*H/;*-k-86AD2L:6?60MRS?+*-?+*H(E4-,n�D�Yl���C

κex t = κa + κs (5.10)

� 7�<5,�03`f0386?64103/�2�05,�/14�7V?641(+*",L.-/10u2�,�41?60S<34�/1(6,�AB/1058�2�4H2�05/14-75C
`−1

ex t = `−1

a + `−1

s (5.11)

'�<34�/1(6,�AB/1058�2�41?60n*"Z67�4�,�[]\-4
la
RS?+*-?64H(�4-,5C
la =

1

ρσa

(5.12)

4�86?60
ρ
R�*c<54�86<3058�2�,�*-[]\-4�?60b/14�=BR3<5:6=>*-7e?60b<54�,�*-8�2�0b0

σa

R�*c7�05[]\"4�2�,L*"867�`f05,�7L*-=�?60
*-Z67�4�,�[]\-4
^
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�~�5���L�p�3���
�+���6���- 5¡-�6¢w�u£
¤B�����5¥r¦6�+�-�@���
���L�-�@�5���5�-§>�-�@¦6�o�5��¥1¨6��¤B¥1�3���L�p���5§B�u©-�-�����5�5ªJ�
�9�-¥;�"�6«6�e¦6�e��¤B���L�3¥;�

L
�H�e�5��¥H¨6��¤B¥1�3���L�e¦6�H�-�6¦+�

λ ¬J­ �-�L���3���9����¤D���+�- 5¡-�j�-¦6¥1¤D��¤B¥1���® �6� λ ¿ lX ¿ L ¬e¯ ¥°¥1�5¤B�g�5��¥
L ¿ `X ± �-¨
�L¤B�5�-¥1�3���L�1�+�6�6ª{�g¤B�f�L�3�L�" ]¡-�g�5�-¥²�

§B�6³ ±�´ ���-�]�a¢+�J¤B�����5�6��¤B¦+�"¦6� ± ���5¦6�6³3¤B¦+�J¨E���µ�6¥;� ´ ���- 5¡-�H¦+�J����¦6�5¥¶¦6�
lX/L

¢6���H��¤B���L�3¥;�
¨���¦6�S���5�µ�5�-�6��¤B¦6�5���-¦6�1�5�����3�6�5¤>�"§B¥1�5�����M���L�"�6��¨+�-���5����� ¬

­ �"�L�M�-�+�-§B¤B�L�"�·�M�5��¨+�-§B«6�-¥1�5�����S�3¥¸�6¥¸��¤B�����5¥;��¦6�M��¤B¨E�1¹�º-»½¼�¾"¿ÁÀBºYÂ]Ãu¹Ä¢��6�3�5�3����¤D�9�"¥1���
�5���L�-�o�3¥Å�6¥Æ���3��¤B¥1�p¦6�p¥{Ç6§D��¤B¨6§B���o�5��¨+�-§B«+�"¥1�5������� ¬ÉÈ ����¤B¥j¢Ê���5¥1�-� ® �6�p�L�"��¤B� ´ �-³3�5�z����5���6¤B�����S�3���6¦6¤B 5¡-�6ª

λ ¿ ls ¿ L (5.13)

���6¦6�
ls ± �1§B¤D©a���S�]�"¥1¤B�6«6�1¥ ± ¦6¤B�1¦
�S�5��¨+�"§B«+�-¥1�5�����6¢6¦6�u�+�6¤B¦6�1�5��¥1�
ª

la =
1

ρσs

(5.14)

���6¦6�
ρ ± �M¦6�5�6��¤B¦+�-¦6�µ¦6�S¥1�5¤B�S�3��¨+�-§B«+�-¦6���Ë� σs ± �M���3 ]¡-���L���-�6��©f�3���L�"§+¦6�µ�5��¨+�-§B«+�"¥1�5����� ¬Ì ��¥

ls ¿ L
¢��f�-���-����¤B¥1��� ® �6�@�5���L�-¥1�����K�6¥Í���3��¤B¥1�{¦6�@¥{Ç6§D�L¤B¨
§B�����5��¨+�"§B«+�-¥1�5������� ¬�s�5���L�V��¤D�L�+�" ]¡-�
¢-�V� ® �+�- 5¡-��Î ¬BÏ5Ð �+¡-�V�L�3¥Ñ©-�"§B¤B¦+�-¦6��¢�¨E��� ® �6�Ò���Ó¥@Ç6§D�L¤B¨6§B���Ô�5��¨+�"§B«+�-¥1�5�f�L���5¢¨���¦6�5¥����5¤B��������¦6�6³5¤B�V�H§B�6³S�5��¨+�"§B«+�-¦+�H�+�H¦6¤B���5 5¡-�1¦6� ´ �5¤Õ£
�S¤B�6�5¤B¦6�3����� ¬Ö �6�-�6¦6�@�-¦6¥1¤D��¤B¥1�����S�3���6¦6¤B ]¡"�@¦+�"¦+�n¨E�3§>�S� ® �+�- 5¡-�{Î ¬BÏ�Ï ¢K¨E�K¦6�3¥1���Ò¦6�5���5�-�6��¤B¦6�5���-�Ò��]�-��×"���5�J�-�6¦6�6§>�"��Ø���¤B�b¦+�|§B�6³-¢·� ® �6�e�|§B�6³��3�6�5���������|¥{�6¤D�L���J�u©f�5�������J¦6���5��¨6�-§B«+�-¥1�3���L�

�6�Ù¥1�3¤B� ¬rÚ ���L�-�
��¨E�������Û¨E�K¦6�Û���5�p�3���6��¤B¦6�3�L�-¦6�Ü�3��¥1�Ù¨6�-����ÝB�5�6§>�"�|¦6�Û§B�6³Û�5�-¥ �6¥;�
�5�5�}�L�g¦6¤B���L��¤BÞ6�6¤B ]¡"�|�6�p�3��¨+�- 5�p���3¥1�5§B«+�-�����z�-�p¨6����Þ6§B�3¥;�g¦6�o���-�L�-�{�-§B�5�"�LØ-��¤>�"�5¢t�3��¥²�6¥
�5��¥1¨6��¤B¥1�5�f�L�g¦6�o¨+�"�����p¤B���+�"§ß�-�g§B¤D©a���;�5�-¥1¤B�6«6�p¥ ± ¦6¤B�p¦6�;�3��¨+�-§B«+�-¥1�3���L� ¬jÚ �����-�Û¦6�
�-§B�]�"������¤B�5¦+�"¦6�J�
�5�����{�]�-¥1¤B�6«
��¦6�3¨E�5�6¦6�{¦6�{�5��¥1�z�]�"¦+�z�3©��5������¦
�J�3��¨+�-§B«+�-¥1�3���L�z¥{�6¦+�
�H¦6¤B���3 ]¡-�H¦6�1�]�-¥1¤B�6«6�
¢+�M¦+�H���5 5¡-�H���L�-�6��©��5���L�-§à¦6�S�3��¨+�-§B«+�-¥1�3���L� ¬

Ú ¨6���K�5�3������¦6�ß�3��¨+�-§B«+�-¥1�3���L� ± ¦6�5���3��¤D���s¨E�5§B�s§B¤D©a�����5�-¥1¤B�6«6�s¥ ± ¦6¤B�s¦6�ß�5��¨+�"§B«+�-¥1�5�f�L�
ls
�H�e§B¤D©a���H�5�-¥1¤B�6«6�e¥ ± ¦
¤B�j¦
�J�L���-�6��¨E���}��� lt

® �6� ± ¦6�3�+�6¤B¦6�e�3��¥1�j��¦6¤B���Lá-�6�5¤>��¥ ± ¦6¤>�® �6�n�H§B�6³M©K¤>�YâL�J�6�1¥1�5¤B�;�-�f�L�3� ® �6�S���+�H¦6¤B���5 5¡-�1¦6�S¨6����¨+�-���- ]¡-�H���M�L�-���6�S�-§B�]�"��Ø���¤>� ¬
Ú §B¤D©a���S�5�-¥1¤B�6«6�1¥ ± ¦6¤B�1¦6�M���L�"�6��¨E���}�L�oã lt ä�± ¦+�"¦6�1¨E���5ª

lt =
ls

1− < cosθ >
(5.15)

���6¦6�
< cosθ > ± �1�5��åæ���5�6�1¥ ± ¦6¤B�1¦6�;á-�6���6§B�1¦6�M�5��¨+�-§B«6�-¥1�5����� ¬

Ú �5��¨+�-§B«+�"¥1�5�����Hç~�]èK§B�5¤B��« ± �6¥é�Ä£
�5¥H¨6§B�J¦6�
< cosθ >= 0

¢a¤B¥1¨6§B¤B�]�-�6¦6�{�5¥
lt = ls ¬�s�c�3��¨+�-§B«+�-¥1�3���L��êp¤B�-¢

< cosθ >= 0, 5
¢s�-����¤B¥

lt = 2ls ¬ÁÚ ¨+�-�Lá"¥1�3�����
lt ± �6¥;�
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õ5ö�÷]ø"ù>øjú6õ1÷5û�ü1ý6þ�ÿBü1õ����Lûjü��6ÿ��LûjÿBü1ýEû�þ��9ø��	��õ�
ÓýEû�ÿBö��Oû�þ
�6õ5÷3õoøeÿ��6ú6ÿB÷]ø����-ûgõ3ü����6õ1þ�õ���ÿBü1õ
ú6õSõ5ö�ý+ø"ù��+ø-ü1õ��	��û���þLø��+ø-ù��+ø-ü1û-ö��

��� ÿBö
��õ3ü���þ
 5öVþ�õ���ÿBü1õ3öVý+ø-þLøHøHý6þ�û-ý+ø��fø����-û1ú+øHù��"!Sõ3ü�ü1õ5ÿBû�öVõ3ö�ý+ø-ù��+ø-ú6û-þ�õ3ö�#
$ ÿ&%('sû*),+.-�/102+4365�798;:=<>/>?6@�
 lt A ú+øeû�þ�ú6õ3ü°ú6ûB�Lø-ü;ø��"�6ûgú+øgø"ü1û�ö
��þLø $ lt ≈ L %C�4'sõ3ö
��õþ�õ���ÿBü1õD
�ûB��þ�ø��6ö�ýEû�þ��LõHú+øeù��"!��Lõ3ürøeý6þ�ûD�+ø��6ÿBùBÿBú+ø-ú6õ1ú6õ1ûK÷3û�þ�þ, ��6÷5ÿ>øeú6õ1ýEûD�6÷3û�öSõ5ö�ý+ø-ù��6øFE

ü1õ��	��û�öVú6õ��	��þ�û1ú6û1ü1õ5ÿBûHG
$ ÿBÿ&%�'~û*)I+J-�/K02+4L�/ M=ND:�/1O�@�
 λ ¿ lt ¿ L �4'sõ5ö
��õ;÷5ø-ö�û"
 L >> lt


Ó÷3ûD�6ö�õ��	�6õ��	��õ5ü1õ��	�Lõ�

øbý6þ�û�ý+ø���ø����-ûbú+øbù��"!P�6ûbö�ÿBö
�Lõ3ü;øQ�R�"û�ýEûKú6õeö�õ5þHõ � ý6ùBÿB÷]ø-ú+ø_ö�õ5üS�6ö�û�ú6õeý6þ�ûK÷5õ3ö�ö�û�ö1ú6õ
ü�T6ù��LÿBý6ùBû-öVõ5ö�ý+ø-ù��+ø"ü1õ��	��û�ö��

$ ÿBÿBÿ&%U'~ûV)I+J-�/K02+WL	+(7;@�?I5�79/�XY5DZY[	@�
 klt ' 1 

ûD�6ú6õ k = 2π/λ A û�\fõ���û�þ�ú6õ�ûD�6ú+ø��6ûJü1õ3ÿBûø-ùBõ]ø��,]�þ�ÿBû"�
^ ø"þLøÛú6õ3ö�÷5þ�õ�\fõ3þoûdý6þ�ûK÷3õ5ö�ö�ûÛú6õ_ø-ü1ý6ùBÿ�_+÷5ø����"ûdú+øÛù��"!|õ3üÅü1õ5ÿBû�ö�ø"ùBõ]ø��,]�þ�ÿBû�ö�
`��õ5ü1û�ö

ú6õ_ú
õ�_R�6ÿBþzü;ø-ÿBözú"�+ø-özõ5ö�÷]ø"ù>ø-ö�ú6õ|÷3û�ü1ý6þ�ÿBü1õ��	��û"#�ûc÷3û�ü1ý6þ�ÿBü1õ��	��ûdú6õa�fø��"�6û $
lg
%;õ|û

÷5û�ü1ý6þ�ÿBü1õ����Lûjú6õ;ø-ü1ý
ùBÿ�_+÷]ø����-û $ lam p
%C�cb¶÷3û�ü1ý6þ�ÿBü1õ��	��ûjú6õd�fø��H�6û lg A ú6õ�_R�6ÿBú6ûj÷5û-ü1ûûc÷3û�ü1ý6þ�ÿBü1õ��	��ûdú6ûd÷]ø"ü1ÿ��"�6ûdö�ûD�6þ�õ|ûe���+ø-ù�øÛÿ��	�Lõ��6ö�ÿBú+ø-ú6õ|ú+øÛù��"! A ø-ü1ý6ùBÿ�_+÷]ø"ú+øÛýEû�þ�6üf� ø-÷=�Lû-þg+=�hbÉ÷5û�ü1ý6þ�ÿBü1õ����Lûnú6õsø-ü1ý6ùBÿi_+÷]ø����-û lam p A ú6õ=_R�6ÿBú6ûn÷5û�ü1û@øSú6ÿBö
�Ij��6÷5ÿ>øSü A ú6ÿ>ø$ þ�ü1ö6%�õ��	��þ�õËû�ö�ýEûD�	��û�ö�ú6õËÿ��"kB÷5ÿBûµõl_+ü ú6ûµ÷]ø-ü1ÿ��"�6ûµú6õ·÷3û�ü1ý6þ�ÿBü1õ��	��û lg

�nm�ö�ö�ÿBüP
�ú6õ=_R�6ÿBü1û�ö
lam p

÷3û�ü1ûporqDsFtJ#

lam p =

√

ltlg
3

(5.16)

� ü��6ürü1õ3ÿBûpö�õ3ürõ3ö�ý+ø-ù��+ø-ü1õ��	�LûH
 lam p A ÿ��D�+ø"ùßø lg
�Pb�÷3û�ü1ý6þ�ÿBü1õ��	��ûu��ø��"�6û lg Aû;ø��Rv-ùBû���û;ø"û1÷5û-ü1ý6þ�ÿBü1õ��	�LûHÿ��6õ5ù;v"ö
�LÿB÷3û li ú6õ=_R�6ÿBú6û1÷3û�ü1û1ûH÷5û�ü1ý6þ�ÿBü1õ��	��ûHýEõ5þ�÷5û�þ�þ�ÿDú6ûd�6û

���+ø-ù+ø�ÿ��	��õ��6ö�ÿBú+ø-ú6õµú+ø�ù��"! A þ�õ5ú"�H!5ÿBú+ø�ýEû�þl�6üw� ø���û�þËú6õ 1/e ý½õ5ù>øSø��6ö�û�þ
���-û"� � �	�I�-û"
�÷5û�üxEý6þ�ÿBü1õ��	�Lûzú6õJø-üHý6ùBÿ�_+÷]ø����-û lam p A ø��Rv"ùBûD��û�ø-ûz÷5û�üHý6þ�ÿBü1õ��	�Lûzú6õJø��6ö�û�þ,���-û labs

�ú6õ5ö�÷5þ�ÿ���û

÷5û�ü1û"#
labs =

√

ltli
3

(5.17)

'~û1þ�õ���ÿBü1õSú6ÿ��K�6ö�ÿ�\fûH
H�Lõ3ü1û�öy���6õD#
lam p =

√

Dτam p (5.18)

ûD�6ú6õ*z A û ÷5ûKõ=_+÷5ÿBõ��	�Lõ�ú6õ�ú6ÿ��K�6öI�-û õ τam p A �Lõ3ü1ýEû ú6õ ø-ü1ý6ùBÿ�_+÷5ø����"û"� � ö
�9ø"ögú"�+ø-ö
��þLø��6ú6õ�!5ø-öVöI�-û1ú+ø-ú+ø"ö~ýEû-þWo�{�|�tJ#
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D =
vlt
3

τam p =
lg
v

(5.19)

�D�"�"� v �W�x� ����������� � �"��� � ���"���
� ���I� �"���d�������"� � �d�"�����R� ����� � � ��� ���, D� � �¢¡.£`¤¦¥p§¨£y©�ª¬«	­�®¯¤¦®¨°²±i³ ´Cµ�³Kª	¶a¥¸·I«�³1¹º®4»

���	�"���d�D¼W�"���R�"� � �"� � �����"�d�c� �
½�� ����� Vcr ¾ � ����� � �"�u¿�� � �À�u¼,��¼ � ��� � ¼,� � � � � � ���H¼ �6Á�� ���ÂrÃ�ÄFÅ � Vcr
�²���"�Æ¼,� � �"���R�"���"�(���D�d�(� � �����"�d�`�=ÇÈ� � � � �(�"� � �d�"�����R� ����� �(� ÁFÉ ��� � ¾ � � �"�(�²� ��Ê

Vcr = φLcr (5.20)

�D�"�"� φ � ���"�;Ë��d� �I� ���"�xÇK��� É �(�"�(� É ��� �I����� ��� Lcr ��� ��¼,�²��¼,¼,� �,� � �,½�� ��� � ¾ �"�=�R�"��� � ���D�d�ÂrÃ�ÄFÅ Ê

Lcr = πlam p = π

√

ltlg
3

(5.21)

�DÌ"¼,� ����� �d��¼¨¿��"� Lcr � � � �D�²� � ������� � � � lam p
� � � ���6� � � � Lcr ��� � � ��ÇK�"�"�"��� � �"�Í�"�Í�²���"�=Î

�I�,����� ��� �
½�� ��� � ¿	�"�g�H��¼,� � � � �¦�x���D�d� � ���d��� � ��� ÁFÉ ���d���"� � �d�"�����R� ����� �x�=�R� � � ¾ � ����� � �"�¿�� � � � ��� � ���"¼,��� � �"�(�"� � � �
Ï ���
Ð � � ��� � �"�d�����Ñ���d���"�����d� � �"��ÇK�"¼ � � ¾ � ���d�D¼ ÂÒÄ�Ó�Å Ê

1

lg
∼

lt
L2

p

(5.22)

�D�"�"� Lp � �CÔ � � � �"�¸�"�B� � ��ÇK�"�"�"��� � �"�B�"�B�²���"� �,�I����� �¸�D�Õ���D�d� � ���d��� � �¸�"� � Ì"¼,� �
��� ��"��ÇK�"¼,� � � ¾ � � �"�d�²� � Â×Ö�Ó�Å Ê

Lp = La =

√

ltla
3

(5.23)

5 .3.2 Lim ia r la s e r d e s is t e m a s e s p a lh a d o r e s c o m g a n h o

� ���I� � ���,� � � � � ��� ���g� ¼¦� � �D� � ����� � �"��¼¦�"���"�Ø¼,��¼ � ��� � � � ¼,� � ¾ �"������¼,¼,� �I� �d��¼g���D�d� � �����ºÎ�"� � �Ù�d��� � �"��¼,�d� � ��¼,�²�D�"¼ Á�� ���¦�²��� �Ù����� �Ù� � ¼,� � ����� � ���"�H� � ¿�� � � �Q� ���D�"�"� ��� �¢� ���I�
¼,� � � � � � ���"� ��� �a�"�4���"�c� � ¼,� � ��ÚÛ�"�Ü¼,��¼ � ��� � � � ¼,� � ���D� � ���"�����D� � � ¾ ��¼,¼ � ���D�"�"� ��� �a��¼ �6Á��� Ï�� � �(Ý ¼,� � � ����� �(�D�"�"� � ¼h�²� � � � ¼ Ï � �I� � � ¼h�"��� �I� �(� � � ��� ��� � �H� � ��¼,¼,�D� � � � �`¼ � �(���D�d�²���ºÎ
¼ � � � ¼¦�²����� Ï�� �"Ô"�4� ���,� �"�Þ��� ���6� Ç � � É"� �"�������d� � ���d��� � ��¼g�"���D�"� � ¾ �4¿�� � �n�"� � � � �d��� ��Q���D�d� � ���d��� � ���"�V������¼,¼ � ���"��¼,��¼ � ��� � �*ßh¼ �6� ���D�"�"� ��� � � ¼,¼,����� � � ��Ý ��� � ���"¼,��� � �"�V�"�
Ì�����Ì²� � ����� � � � �CÔ � � � � � �"�(�����d� ���Í¡áà1âºãI·IäIâR­�±�«R» �
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F ig u r a 5.4: L a rg u r a d e lin h a d e e m is s ã o a m e ia a ltu r a (F W H M ) e m f u n ç ã o d a in te n s id a d e

d e e x c ita ç ã o . N o p o n to d e in fl e x ã o d a c u rva s ig m o id a l é d e fi n id o o lim ia r la s e r [15].
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C a p ít u lo 6

F o r m a ç ã o d e a g r e g a d o s e m c o r a n t e s d e

Ro d a m in a

6 .1 In t r o d u ç ã o

gihEj�k+lMm+npoMq�hIr�q,l�k�rJm+s.t	nJm�hMu+k0s&m*o�q�l�t=m+t	hEr�q,v)l�m+n�r�q,t	nKoMq�l�q�h�h�qFo�q�j�n1k)w	x)v)t	j�k�yzr�q�{zt	r1k9m
h�|Jm+hX}~k+h�h���{pq�t	hXm+}�w	t	j�m+����q�hXq�s�r�t�{pq�l�h�k)hch�q�o�k)l�q�h����Fs&m:rJm+hX�+l�q�m+hck)n�r�qbq�h�oMqbj�k)lMm*nKoMqio�q�s
� m+h�o�m*nKoMqIr�q�h�o�m*��|�qc�cm,r�qcw=m*h�q�l�h�y)k)n�r�qIkbs.q�h�s.kb�I|�hMm+r�kij�k)s9kbs.q�t�kbr�qIvpm+n���k1���fs�r�k)h
s&m+t	k)l�q�h,}�l�k � w	q�s&m*hi��|�q�h�q�oMq�s�j�k)s�q�h�h�q�h,j�k)l�m+nKo�q�h,�0k�r�q�j�l���h�j�t	s.k�rJm�w	|�s.t	n�q�h�j���n�j�t=m
j�k)n1�Dk)l�s.qWkOm+|�s.q�nKoMk�rJmVj�k)n1j�q�nKo�l�m+��u*k�y�}~k)t	h:k)h9j�k)l�m+nKoMq�h:o�q�n1r�q�s�m�h�k*��l�q�l0}�l�k�j�q�h�h�k+h
r�q
m+v)l�q�v)m+��u*k�y�v+q�l�m+n�r�k�q�h�}���j�t	q�h:r�qWs.k)w	��j�|�w=m*h:q�s�h�|Jm;o�k+oMm+w	t	rJm+r�q�nJu+kV�J|�k)l�q�h�j�q�nKo�q�h�y
}�l�q���|�r�t	j�m+n�r�k&m*h�h�t	s�m9q��Jj�t	��n�j�t=m9w=m+h�q�l��

g�q�h�o�|�r�k
r�k)hi}�l�kKj�q�h�h�k+hbr�q:�Dk+l�s&m+��u+kWr�q.m+v+l�q�vpm+r�k)hiq�s�l�k�rJm+s.t	nJm��9r�q:h�|�s&m�t	s:�
}�k+l�oM�+n�j�t=m;}Jm+l�m;kVq�nKoMq�n�r�t	s.q�npoMk;r�q�h�|Jm+h0}�l�k)}�l�t	q�rJm*r�q�h��Dl�q�nKo�qWm[{*m+l�t	m+��u+k;rJm;j�k)n�j�q�nz�
oMl�m+��u*k&s.k)w=m+l��E��m+v+l�q�vpm+��u+k&s.k)w	q�j�|�w=m+lX��|�s�}�l�k�j�q�h�h�k � m*h�o�m+nKo�q�q�h�oM|�rJm*r�k&nJm9�D�	h�t	j�m.r�q
w=m+h�q�l�h/r�qIj�k)l�m+nKo�qIqI�Ik � h�q�l�{*m+r�kiq�s j�k+lMm*nKoMq�h�rJmF��m+s9�	w	t=mirJm,l�k�rJm+s.t	nJm,qIk+|1oMl�k)h/j�k)l�m+nKo�q�h
w=m+h�q�l�h�¡]¢)£$¤¥�

�fs¦q�h�o�|�r�k§h�k � l�q[k)h�}�l�k�j�q�h�h�k+h�r�q[�Dk+l�s&m+��u+k§r�q;m+v)l�q�v)m+r�k)h�r�q[s.k)w	��j�|�w=m+h�r�q[l�k$�
rJm+s.t	nJmbq�s¨h�k)w	|�����q�h3m+��|�k+hMm+h���k+t��Dq�t�oMk�}~k)l��,l � q�w	kpmbqXj�k)w=m � k+lMm+r�k+l�q�hF¡]¢*©*¤¥yK�K|�qXs.k)h�o�lMm+s
m9�Dk)l�oMq�r�q�}~q�n�r���n�j�t=m.rJm+hf}�l�k)}�l�t	q�r�m+r�q�hfr�q�q�s.t	h�hMu*k&r�qb�J|�k)l�q�h�j���n�j�t=m9q�m � h�k)l���u+k&j�k)sªm
j�k)n�j�q�nKo�lMm*��u+k�r1k�j�k)l�m+nKo�q)��«Fmb�Jv)|�l�m�¬1�	­)yKs.k)h�o�l�m+s.k)h3k)h3l�q�h�|�w�oMm+r�k)h3k � o�t	r�k)h3}~q�w	k�v+l�|�}~k
r�q.�,l � q�w	k)m1�&g � h�q�l�{+m*s:�®h�q.s0|�rJm+n���m+h�n�k)h�q�h�}~q�j(oMl�k)h�r�q.m � h�k)l���u+k
j�k)s¯kQm+|�s.q�nKo�kQrJm
j�k)n�j�q�nKo�lMm*��u+k1y�k:��|�qb}�l�kB{pkKj�m:|�s�r�q�j�l���h�j�t	s.k9r�k9}�t	j�k9}�l�t	n1j�t	}Jm+w°r�qbm � h�k)l���u+kQ±

λ ≈
¢)¢*²
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¿�À�ÁIÂ�Ã.Ä�Å�Æ�Ç)È	À.Â�¿KÉ�Ã.Ê�Â�Å�À8Ë�È	Ì�Ã.Ä�Â�Ì�Å�¿�ÊJÍ*Æ�È	Ã;Î λ ≈ Ï)Ð+Ñ ¿�À�ÁIÊ�Â�Ä�Ò	Ã�Ì�Ó+Ê1Ã&Ó9Â�Ä�Ô�Å�Â�Æ�ÊJÓzÕ

F ig u r a 6.1: E vo lu ç ã o d o s e s p e c tr o s d e a b s o r ç ã o d a R o d a m in a B e m s o lu ç ã o a q u o s a e m

f u n ç ã o d a c o n c e n tr a ç ã o , o n d e te m o s a s c u rva s (a ) 0, 8× 10−5 m o l/L , (b ) 8× 10−5 m o l/L ,

(c ) 6 × 10−4 m o l/L , e (d ) 3, 5 × 10−3 m o l/L . [58].

Ö À×Ì�Ã)À.Ë~Ã)Æ�É�Ó+À9Â�¿KÉ�ÃSÔKÅ�ÂPÌ�ØJÓ+À&ÓNÓSÓ$ÉMÂ�¿�Ù�Ú+ÃN¿�Â�Ä�ÉMÂOÇ)Æ�Í*ÛJÌ�ÃÜÎÝÛJÇ�ÕßÞzÕ	àBÁ�áOÃSË~Ã+¿KÉMÃ
Ì�Ã)À0Å�ÀâÌ�Ã+Æ�Æ�Â�Ä�Ë~Ã)¿�Ê�Â�¿KÉ�Â.Ó�Å�À�Ì�Ã)À.Ë�Æ�È	À.Â�¿KÉ�ÃWÊ�Â9Ã+¿�ÊJÓWÂ�Ä�Ë~Â�Ì�ã�ÛJÌ�ÃPÎ λ ≈ Ï+ä)Ï ¿�À�Á>åæÃ)¿�Ê�ÂÉMÂ�À.Ã)ÄQÓUÈ	¿KÉ�Â�Æ�Ä�Â�Ì�Ù�Ú+ÃUÉ�Ã�ÊJÓ+Ä
Ó+Ä
Ì�Å�Æ�ç*Ó+Ä
ÊJÓèÓ+é�Ä�Ã+Æ�Ù�Ú+ÃèÀ.Ã)Ò=Ó+Æ�ÕCê�Ä�É�Â�Ë~Ã)¿KÉMÃèá�Ì�ØJÓ+À&Ó+Ê�Ã
Ê�Â&È	Ä�Ã)Ä�é~á�Ä�ÉMÈ	Ì�ÃUÎDË~Ã)¿KÉ�Ã[Ã)¿�Ê�Â&Ó+Ä�Ì�Å�Æ�ç+Ó*Ä�ÉMÃKÊJÓ+Ä�Ä�Â,ë�Å�¿KÉMÓ+À¯Â&Ì�Ã)À.Ë�Æ�È	À.Â�¿KÉ�Ã[Ê�Â.Ã)¿�ÊJÓQÊ�Ã)Ä
Ó+Ç)Æ�Â�ÇpÓ*Ê�Ã)ÄEÉMÂ�ÀßÃ:À.Â�Ä�À.Ã:Ì�Ã�Â�ÛJÌ�È	Â�¿KÉ�ÂiÊ�ÂiÂ>ìzÉMÈ�¿�Ù�Ú+Ã:Âiã	¿�Ê�È	Ì�Â�ÄIÊ�ÂbÓ*é�Ä�Ã)Æ�éJí+¿�Ì�È=Ó0È	Ç+ÅJÓ+È	Ä�Á>å1Âiá
Ó*ÉMÆ�È	é�Å�ã	Ê�ÃFÍcîDÃ)Æ�À&Ó+Ù�Ú+ÃfÊ�Â!Ó+Ç+Æ�Â�ÇpÓ+Ê�Ã)Ä�å$Â�Ä�Ë~Â�Ì�È�ÛJÌ�Ó+À.Â�¿KÉ�Â3Ê�ã	À9Â�Æ�Ã)Ä�Õ/ïiÅJÓ+¿�Ê�ÃFÓXÌ�Ã)¿�Ì�Â�¿KÉ�ÆMÓ*Ù�Ú+Ã
á�Ó*Å�À.Â�¿KÉMÓ+ÊJÓ1åðÃQË�Ã+¿KÉMÃQÈ	Ä�Ã)Ä�é~á�Ä�ÉMÈ	Ì�Ã[á.Ë~Â�Æ�Ê�È	Ê�Ã[È	¿�Ê1È	Ì�Ó+¿�Ê�Ã[ÓQË�Æ�Â�Ä�Â�¿�Ù�Ó
Ê�Â�Ó*Ç)Æ�Â�ÇpÓ+Ê�Ã+Ä�Ê�Â
À&Ó+È	Ã)Æ:Ã)Æ�Ê�Â�ÀQå3Ì�Ã)À.ÃVÉMÆ�ã	À.Â�Æ�Ã)Ä
ñ Ï+ò*ó Õ§ôõÃ)Æ�ÉMÓ+¿KÉ�Ã�å�Ã)Ä:Â�Ä�Ë~Â�Ì�É�Æ�Ã+Ä9Ê�Â
Ó+é�Ä�Ã)Æ�Ù�Ú*ÃOÃ+é�Ä�Â�Æ�ç+Ó+Ê�Ã)ÄÂ�ÀßÓ+Ò�ÉMÓ+ÄEÌ�Ã)¿�Ì�Â�¿KÉMÆ�Ó+Ù�ö�Â�ÄEÄMÚ*Ã�åz¿JÓ�çpÂ�Æ�Ê�Ó+Ê�Â)å�Å�À&Ó�Ì�Ã+¿KçpÃ)Ò	Å�Ù�Ú*Ã0ÊJÓ0Ó*é�Ä�Ã)Æ�Ù�Ú+Ã0Ê�ÂfÉMÃ�Ê�Ã+ÄEÂ�Ä�Ä�Â�Ä
Ó+Ç)Æ�Â�ÇpÓ*Ê�Ã)Ä�Õ

÷ Ë~Ã)¿KÉ�Ã9È	Ä�Ã)Ä�é~á�Ä�ÉMÈ	Ì�Ã9¿JÓ�ÛJÇ�Õ]Þ1Õ	àiÈ	¿�Ê�È	Ì�Ó9Ó�îDÃ)Æ�À&Ó+Ù�Ú*Ã9Ê�ÂiÅ�À�ø�¿�È	Ì�Ã.Ó+Ç)Æ�Â�Ç)Ó+Ê�Ã9Â�À�Â�ÔKÅ�Èúù
Ò	ã	é�Æ�È	Ã�Ì�Ã)À�Ã�À.Ã)¿�û)À.Â�Æ�Ã1ÕiüIÃ)¿�Ä�È�Ê�Â�Æ�Ó+¿�Ê�Ã�Ô�Å�Â�Â�Ä�É�Â:Ó*Ç)Æ�Â�ÇpÓ+Ê�Ã�á0Å�À�Ê�ã	À.Â�Æ�Ã�Â:Ó+Ë�Ò	È�Ì�Ó+¿�Ê�Ã
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�������������� �!�"#��$&%���')(� *����",+	��"#"-��"�.,/0!21-(� *!� *��354�����6�7�$&�� �1-8�$#+9���� :���� �!�"&1;��!21-�<��������+=�?>
$#��@���')(� =354��A$&���B������ �!C�=��"EDF �D�4��B��'�G5��"E���A+= �!�H�+=��$# �"E�A��6�+=��$& �"E8A�C���C�9DF �$�I

M + M ­ D (6.1)

J ��354�����6�7�$&�� =��!21-$&�K =+= �!�H�+=��$# =�K =��6�+=��$# =8K����"#��$#�L1# =DF���B�M�� �!�"&1-��!21#�A���K����+=��$&��@)��')(� 
354��A8A��"#��$&�L1;�M�� �+= �I

KD =
CD

C2
M

(6.2)

 �!���� CD
� CM

"-(� N��",�� �!�����!21#$#��'�G5��"�������6�+=��$& �",�M+= �!�H�+=��$& �"�OP$#��"#DF����1#�L%���+9��!21#��.�Q
�� �!�����!21#$-��')(� M1- �1-���R������S�$#��S����� �"E8A��"#��$#�L1-�9�� �+= �I

C = CM + 2CD (6.3)

T  2����+= �"U���V1-��$#+=��!C��$U �"W%����� �$#��"U�C�<��354C��')(� MXY.[Z<��+]\^4�!�')(� ��C�<�� �!�"&1-��!21#�,���,����+=�?>
$#��@���')(� KD

DF���B��"E��354C��'�G5��"_��7C���a`Y cb[d�e�f�I

CM =

√
1 + 8KDC − 1

4KD

(6.4)

CD =
1

2

(√
1 + 8KDC − 1

8KD

)

(6.5)

QgDC��$&1#��$c����"#"-��"c��354C��'�G5��"�OKDF 5����+9 �"h����1#��$#+=��!C��$i�j�� �!�����!21#$#��')(� k���l+= �!�H�+=��$& �"h�
��6�+=��$& �"*!C�m"# ���4�')(� Y.nQo��!���$&S��B�p���i��!21#��$#��')(� q��!21#$#�i�� ���"*+= �!�H�+=��$& �"srut,v	�i �4Y1#$# �"
DC��$-w�+=��1#$# �"��� �+= c�N����"&1-w�!����B�N��!21#��$#+= �������4��B��$�ryx_v��= cw�!�S�4��� z��!21#$#�9 �"A+= �+=��!21# �"A���
����DF ��� <�� �"W+= �!�H�+=��$# �"W!� <��6�+=��$& �O5DF 5����+{"#��$W�)������4��B���� �"U4�"-��!��Y M��"U�?`YD�$#��"#"#G5��"W�C���C��"
DP �$�b[|�e�f�I

U =
(ν1 − ν2)

2
(6.6)

 �!���� ν1
� ν2

"-(� = �"E!5}�+=��$# �"E���K �!��C�9������+�7F �"E �"E+	~�`Y��+9 �"E������7�"# �$&'�(� =�� =��6�+=��$# �O
��4��& ���"#DF����1#$# �������7�"# �$&')(� <��D�$#��"#��!21-�A�� ���"�+	~�`Y��+= �"�O54�+���������"W��"#"# 5���B���� <�� ��� ���6�+=��$# 
� �A = �4Y1-$& 	�� =��6�+=��$# =�<.

� �E�CS�4�$#�_XY.�d�O�+= �"&1#$#��+= �"�4�+���"#354���+	�����W���B��S�$-��+	�����W!�6L%�����"�O�DC��$#�E1-$&��"���"&1-$&4Y1#4�$-��"
+= �������4��B��$&��"�1#6�D����)��"E���A$& 5�C��+=�L!C�YI0+= �!�H�+=��$& �O���6�+=��$# =�� 91#��DF 	���A��6�+9��$& =�� 91-��DF � .
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F ig u r a 6.2: E s q u e m a d e d ia g r a m a d e n íve is p a r a c o r a n te d e r o d a m in a . M o s tr a n d o a s

e s tr u tu r a s m o le c u la r e s típ ic a s p a r a e s te c o m p o s to . E m (a ), (b ) e (c ) m o s tr a m o s r e s p e c ti-

va m e n te a r e p r e s e n ta ç ã o d a e s tr u tu r a m o le c u la r d o m o n ô m e r o , d ím e r o - H e d ím e r o - J .
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10−4
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10−3
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F ig u r a 6.3: E s p e c tr o d e e m is s ã o R a n d o m la s e r p a r a u m a a m o s tr a d e r o d a m in a B ,

m o s tr a n d o a f o r m a ç ã o d e a g r e g a d o s m o le c u la r e s .
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Ä�Å
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6 .2 So lu ç õ e s a q u o s a s d e Ro d a m in a (Rh -6 G )
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Í�Ü�Ê�Ò�Ç�Ê�Þ
Ê�Ê�Ë�Ç�Å
Ë�È�×�Ä�Í�È�Ñ�Å
× É�È�Æ�Ê�Ç�Å
×�Ê�Ò�Ç�Ê�Ò�Ì�Ë§Ä�Æ�ÌfÑ�Ê�Ë�Ë�Ì
Ë�É�Ê�Æ�Ê�Í�Ånø�Å
Ï�á#Ì�É�ÌsÊ�Ë�ÇDÅ#É�Ì�Ê8ø Ñ�È�Ç�Å
É�Ì{þ�	����hÙ
è�ËjÊ�ð~Ê�È�Ç�Ì
ËjÊ�Ë�Ç�â#Ç�È�Ñ�Ì�ËjÉ�Å#ËjÈ�Ò�Ç�Ê�Æ�Å#Ï�ÐfÊ�ËjË�Ì�Í�Î Ç�Ì��#Ë�Ì
Í�Ü�Ê�Ò�Ç�ÊÛË�á#Ì ×�Å
Ò�È�ð~Ê�Ë�ÇDÅ#É�Å
ËjÊ�× È�Ò�Ç�Ê�Æ�Å
Ï�ÐfÊ�Ë
É�Ê§Ñ�Î�Æ�Ç�Ì�Å#Í�Ñ�Å
Ò�Ñ�Ê§Ê[È�Ò�Ç�Ê�Æ�Å
Ï�Ð�Ê�Ë�Î�Ò�È�Ü�Ê�Æ�Ë�Å#È�Ë�þ�	����hÙ�ó È�Ò�Ç�Ê�Ò�Ë�È�É�Å
É�Ê[É�Ì�Ë�Ê¡ðñÊ�È�Ç�Ì�Ë�É�Ì�Ë�Ì
Í�Ü�Ê�Ò�Ç�Ê
Ò�Ì�×�Ê�È�Ì�É�Ê�Ä�Ê�Ò�É�Ê�É�Å[Ò�Å#Ç�Î�Æ�Ê�ä�Å[É�Ì§Ë�Ì�Í�Î Ç�Ì�Þ Ñ�Ì
×�Ì�Ä�Ì
ÆBÊ8ø Ê�×�Ä�Í�Ì�Þ�Å[Ñ�Ì�Ò�Ë�Ç�Å
Ò�Ç�Ê�É�È�Ê�Í�ã¡Ç�Æ�È�Ñ�Å[Ê
Ì�Ó�Ò�É�È�Ñ�Ê´É�Ê`Æ�Ê¡ð~Æ�Å#Ï�á
Ì Ù

� Ì�×�Ì�×�Ê�Ò�Ñ�È�Ì�Ò�Å
É�Ì�Å
Ò�Ç�Ê�Æ�È�Ì�Æ�×�Ê�Ò�Ç�Ê�Þ�Ì�Ë�Ñ�Ì�Æ�Å#Ò�Ç�Ê�Ë�É�Å§ðñÅ
×�Ó�Í�È�Å�É�Å�Æ�ÌfÉ�Å
×�È�Ò�Å�Ç�ü�×·ð~Ì�Æ�Ç�Ê
Ç�Ê�Ò�É�ü�Ò�Ñ�È�ÅyÉ�Ê ð~Ì�Æ�×�Å
Æ�Å#Ø�Æ�Ê�Ø�Å
É�Ì
Ë�×�Ì�Í�Ê�Ñ�Î�Í�Å#Æ�Ê�Ë�Ê�× Ë�Ì�Í�Î�Ï�á
Ì�Þ«ÊéÊ�Ë�Ç�ÅyÑ�Å
Æ�Å
Ñ�Ç�Ê�Æ�Ó�Ë�Ç�È�Ñ�ÅtãsÉ
Ê�Ä�Ê�Ò�É�Ê�Ò�Ç�Ê�É�Ì�Ë�Ì�Í�Ü�Ê�Ò�Ç�Ê�Î Ç�È�Í�È�ä�Å
É�Ì�Ù��©Å
Æ�ÅsÆ�Ì�É�Å
×�È�Ò�ÅsÉ�È�Í�Î�Ó�É�ÅsÊ�× â#Ø�Î�Å ÞªÅéð~Ì�Æ�×�Å
Ï�á
Ì�É�Ê
Å
Ø�Æ�Ê�Ø�Å#É�Ì�Ë:ã4×�Å
È�ËkÈ�Ò�Ç�Ê�Ò�Ë�Å[×�Ê�Ë�×�Ì§Ê�×�Õ�Å
È°ø Å
Ë�� Ñ�Ì�Ò�Ñ�Ê�Ò�Ç�Æ�Å#Ï�ÐfÊ�Ë�Ùýú Å
×[Õ�ã�×�ã0Ü�Ê�Æ�È���Ñ�Å#É�Å§Å
Ä�Æ�Ê�Ë�Ê�Ò�Ï�Å�É�Ê´É�Ó�×�Ê�Æ�Ì�Ë«É�Ì�Ç�È�Ä�Ì��jÞ�Ä�Å
Æ�Å�Ñ�Ì�Ò�Ñ�Ê�Ò�Ç�Æ�Å
Ï�ÐfÊ�Ë > 10−4 ×�Ì�Í��� WÙ

óôÆ�ÌfÉ�Å
×�È�Ò�Å!	���Ê�×àâ
Ø
Î�Å�Ç�Ê�×¯ð~Ì�Æ�Ç�Ê§Ç�Ê�Ò�É�ü�Ò�Ñ�È�Å�ê�ð~Ì�Æ�×�Å#Ï�á
Ì�É�Ê�É�Ó�×�Ê�Æ�Ì�Ë`Ê�× Õ�Å
È°ø�Å
Ñ�Ì�Ò�Ñ�Ê�Ò�Ç�Æ�Å#Ï�ÐfÊ�Ë�Ù#"�â�Ä�Å#Æ�Å%$«ÔdÖ&	��òÉ�È�Í�Î�Ó�É�Å�Ê�×ô×�Ê¡ÇDÅ#Ò�Ì�Í�Å´ð~Ì�Æ�×�Å
Ï�á#ÌjÉ�Ê4Å
Ø�Æ�Ê�Ø�Å
É�Ì�Ëªã�Ü�Ê�Æ�È�� Ö
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8:9�;<9>=<9�?@9�9�A�BC9�DE80F�GH80IJG�B@?C9�K0LMI0D ≥ 10−3 N F�A�O�PRQ<STI0U<8JVXW0GH8JVY9>;HI3I N VXD@DCZ�F[=<9�?C9>D@F�AX\HK0LMIJD
9�]M\HF�DC9�D
;HI_^a`cb&d�egfEh<9�VjiH96k�;HI0lcVX;HFnmpoqF�? N 9�K:Z�F3;HI_9�r�?@I0r�9�;HF�D N F�AXIJ8J\HAX9�?@I0DsG<Z�F3t<\HF�?@I0Dub
8JIJG�BCI0DJQ

v IJD�B@I!8J9�=Hw�B@\HAXFx;HVXD@8J\6B@V N F�D[9yoqF�? N 9�K:Z�Fz;HI
9�r�?@I0r�9�;HF�D>I N D@F�AX\HK0LMIJD{;HI!?�FM;<9 N VXG<96Q
| I0?@V�U<8J9 N F�D-]M\6I{F}80F�?@9�G�BCIn;HI{?�FM;<9 N VXG<9}9�=H?�IJD@I0G�B~9�oqF�?�B@InB@I0GH;HWJGH8JVX9}9�oqF�? N 9�?-9�r�?�IJr�9�b
;HF�D N F�AXIJ80\HAY9�?�IJDp;HF}BCVX=�F!;Hw N I0?@F�DJQnS�IJD@80F�AX`<9};HF!D@F�A�l�IJG�BCI>f{\ N o�9�BCF�?-V N =�F�?uB~��G�B@I>G<9
=H?@I0=<9�?@9�K:Z�F�;6I%D@F�AX\HKJL�IJDJk�=�F�VXD�I0D�BCI0D_VXG6t<\HI0GH8JVY9 N ;HVX?�I0BC9 N I0G�B@I%G<9[oqF�? N 9�K:Z�F�;HI%9�r�?�IJr�95b
;HF�D#t<\HF�?@I0D@8JI0G�BCI0D
F�\[G<Z�Fpt<\HF�?�IJD@80IJG�B@IJDJQ v F�=H?@�Ji6V N F�8:9�=Hw�B@\HAXFHk�l�9 N F�D
;HI0D@8J?�I0l�I0?RBCF�;HF3F
=H?@FM80IJ;HV N I0G�B@F>I�ic=�I0?@V N IJG�BC9�A�9�;HF�B~9�;HFHk6;HIJD@;HIp9{=H?�IJ=<9�?@9�KJZ�F>;<9�Da9 N F�D�B@?C9�Da9�B@f�9n8JF�AXI�B~9�D
;HF�Da;<9�;HF�DJQ



C a p ít u lo 7

De s c r iç ã o e x p e r im e n t a l

7 .1 In t r o d u ç ã o

�E�J���@�a�:���H���C�H�X�6���H�0�@�J���0���0�[���R�@�M�H�����H���M�J�0�H�X�[�J���@�����6���J���X�[�J���C���H���6�J�0�6�~���H�H���H�J�@�H�
���H���J�<���@���J���3�<���s���[�����@�C���s���C E��¡H���@�X�������~���<�6��¢M�H�a�C���3�[�0�H�X�<���
�H�a�J�@���0�0�@�@���H�E�0�[�X�u£
�C���H¤p�����H�@�X�[�0�X�C�����~���<�c�������[����¥����Y���[���_�@��¦H���n���-�0���[�����H�0���C�0�-�H�C���H���-�<���0���6¥q�J�0�:���
�<���p���[�����C�@���J�§�0�¨�@�0©��H�X�<��¥ª���Y�����J�[���_�@��¦H�@�{���H�@�0�<���@���:���}�<���-���[�����@�C���-�{�����-¡6���C�X�[�
�H�����<���@���@�[���6���0�@�X�[�0���~�����H�C���H�[�<�>�0���X�0�C�>�H���a�<���H���J¤

7 .2 Ma te r ia is u t iliz a d o s

7 .2.1 Me io d e g a n h o

�����H���J�<���C���:�����<���E�@���X�H�J«M�0���6�@�X�X�X¬:���[�����0���[���[�J�X���H�3©����H­H���J���C�����C�0���<�>¥����[�X�X�Y�
�<�������M�<���[�X�<���J¤¯®°���@�±�²�H�@�X�[�0�X�C�²�@ J���X�y�6�y���c���J���X�[�J���@�����6�@�X�X�X¬:���[�����J���[�±�[�0�X�±�H�
©����H­H�x�³�@���<���[�X�<�z´¨µ�¶a­c£&´¸·��¹�z�@�������0���C���6�C�X�X�X¬J���H�³¥q�����x�[���~���H���ª¤º®°���@�z�³�@�J©��H�H�<�
�J���6»<©��H�C���J���}�6�@�X�X�X¬:���[���p�0���[�}�[�J�X�}�H�{©����H­H�
�����M�<���[�X�<�}¼�½¾µ�¶a­c£&¼�½3·E�{�!�@�������J���@�
�6�C�X�X�X¬J���H�²¥q���a�º�0�C���H���ª¤¿®°���@�ÁÀ@Â�ÃÅÄ�Æ�ÇÉÈXÂ5Ê:Ë�Àx�J�É�@���X�H�J«M�0����¢M�H���C���J���6�C�X�X��¬:���[�����0���[�
�[�J�X�n�H�-©����H­H�>¶a­c£&¼�½Ì�-�n�@�������0���C��¥q���§�nÍ�©��<�%�H�J�X���H�X¬J���<�6�c�����X���{�@�H�u¥ª���0�C�����@�-�H���H�J�0�X�
�@�H��¥����C�[�6���@ÎM�H�X�yµªÏ6Ð�Ï6·��H�J�5Ñ@�>�@�J�
�H���[�������X�a�J���n�H�Ò p�Y���H�@���Ó�@�H��¥����@�[�H�p�@ÎM�H�X�H¤

Ô ���6¥q�����[�>�H�X�@�J�6�@�X�[�����H�!�:���H���C�H�X�
¼6�Õ�}�J�@�0���X­<�!�6�
�@�������J���@�> [�@�H���}�X�[�����u�~Ö��H�J�Y�6�
�����X�
���[�J�@�[���X�6×<�H�J�H�0�Y���H�X���0�C���[�0���C�a�<���#�H�@���H�@�X�0�<���H�0�
�H�a�J�[�X�@�C�����H���J���@�����@��¤ Ô ���[�
�J���[�H���X�[�J���C���H�n���H�<���H�%�J�[�X�@�C�����{���0�H�J��©��Y���<�����:�����Y���@�J���C�����n�H���C���@�0�H�@�����J�X�_�@�<�
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éJê@ëJì�íXî<ï6ð#ñ¹ì�òuóCï�ô�ó@ìHõ6ô<ïnöHò@é0ö<ï�ò@ï�÷:ø�ì>ù<ï�êaï�ú[ì�ê�óCò@ï�ê�óCé0ú[ì�ê¸ûMüHé_ó@éJòýüHúþó@ì�ó~ï�í§ëJì�ô�óCò�ì�íXé-ù<ï�ê
ûMü<ï�ô�ó@ÿXù<ï�ùHéJê3üHêCï�ù<ï�êJõ ö<ï�ò@ï!óCé0ò�ú[ì�ê3ëJéJòuó@é � ï!ûMüHé�éJê�óCï�ú[ì�ênï�ô<ï�íXÿXêCï�ôHùHì üHú�ï ï�ú>ì�ê�óCò@ï
ùHé
� ì�ï>ûMü<ï�íXÿXù<ï�ùHé�ð

7 .2.2 Me io d e e s p a lh a d o r

� ì�ú[ìxú[éJô6ëJÿXì�ô<ï�ù6ìxôHì�ê>ë:ï�ö���ó@üHíXì�ê[ï�ô�ó@é0ò@ÿXì�ò�éJêJõ
ï�ê>ö<ï�òuó��Xë0üHíYï�ê>éJê@ö<ï�íXî<ï�ùHì�ò@ï�ê>ùHéJê@é0ú��
ö�é0ôHî<ï�ú üHúÒö<ï�ö�é0í
	qüHôHù<ï�ú[é0ô�ó~ï�í�ôHì>ê@ÿXê�óCé0ú�ï���
�����������
�������õHö�ì�ÿXêaéJíYï�êaêCø�ì>ò@é0ê@ö�ì�ôHê��� �éJÿXê
ö�é0íYï%ò�é:ï�íXÿXú[éJô�óCï�÷:ø�ìnùHì%ê@ÿXê�óCé0ú�ï6ð"!_ê�ö<ï�òuó#�XëJüHíYï�êsü6óCÿXíXÿ � ï�ù<ï�ê�ôHé0ê�óCé�éJê�ó@üHùHì$	�ì�òCï�ú&%°ùHÿ�'�(6ÿXùHì
ùHé¸ó@ÿ�ó*)�ôHÿXì,+ TiO2 - é¸ì.'�(6ÿXùHì�ùHéaï�íXüHú/�XôHÿXì0+ Al2O3 - ð21¿ú�ï�ôMüHê@éJÿXìpùHéJê@ê@éJê#ë0ì�ú[ö�ì�ê�ó@ì�ê#ùHé� �é
ê@éJò3	qéJÿ�ó@ì ëJì�ú é4(có@ò@é0ú[ì ë0üHÿXù<ï�ùHìHõÕö�ì�ÿXê3êCø�ìyï�í�ó~ï�ú[é0ô�ó@é[ó#'�(6ÿXë0ì�ê3ûMü<ï�ôHùHì
éJê�óCø�ì ô<ï�	qì�ò@ú�ï
ùHé�ö�'HõHö�ìMùHéJôHùHì>ê@ü<ï>ÿXô<ï�íYï�÷Jø�ì[ë:ï�üHêCï�òaùHÿ65<ë0üHíXù<ï�ùHé0êaò@é0ê@öHÿXòCï�ó�'�ò�ÿYï�êJð

! ú�ï�ÿXêýÿXú>ö�ì�ò�óCï�ô�ó@é-ö6ò@ì�öHò�ÿXé0ù<ï�ùHé_ùHé-ûMü<ï�íXûMüHéJò�öHÿ�7�ú[é0ô�óCì � ò@ï�ôHëJì98pï%ê@ü<ïnî<ï � ÿXíXÿXù<ï�ùHé
ùHéxì�ö<ï�ëJÿ65<ë:ï�ò!é � òCï�ôHû�üHé:ï�ò}ì ú[éJÿXì ôHì ûMü<ï�í:8xùHÿXê@ö�é0ò@ê@ì6ð;1_ê!öHò@ÿXôHë0ÿXö<ï�ÿXê<	�ï�ó@ì�ò�éJê!ûMüHé
ùHé0ó@éJò�ú[ÿXô<ï�ú�ì%éJê@ö<ï�íXî<ï�ú[éJô�ó@ì%ù<ï3íXü � é�õMëJì�ô6ê@éJû>=Hé0ô�óCé0ú[éJô�ó@é�õcï?	qé0óCï�úþï3ì�ö<ï�ë0ÿXù<ï�ùHé�ùHé�üHú
ê@ÿXê�óCé0ú�ïyêCø�ì@%{ó~ï�ú[ï�ôHîHì³ù<ï�ê%ö<ï�òuó��Xë0üHíYï�êné�ìA�XôHùHÿXë0é�ùHé�ò@é4	qòCï�÷Jø�ìHðA1B�XôHùHÿXë0é�ùHé�ò@é4	qòCï�÷:ø�ì
8%üHú�ï[öHò�ì�öHò�ÿXéJù<ï�ùHé%ï�ê@ê@ìMë0ÿYï�ù<ï,C�é0ê�óCò�ü6ó@üHòCï[ëJò�ÿXê�ó~ï�íXÿXô<ï�é�õÅö�ì�òuó~ï�ô�ó@ìHõD	qì�ò@ï[ùHì�ë0ì�ô�ó@ò@ì�íXé3ùHì
	ªï � ò@ÿXëJï�ô�ó@é�ðE1¾ùHÿ�'�(cÿXùHì±ùHé
ó@ÿ�ó*)�ôHÿXì±ò�ü6ó@ÿXíXì�ï�öHò@é0ê@éJô�óCïºìºú�ï�ÿXì�ò,�XôHùHÿXëJé ùHé ò@é4	qòCï�÷:ø�ìºûMüHé
ûMü<ï�íXûMüHé0òaöHÿ�7�ú[é0ô�ó@ì � òCï�ôHëJì[ùHÿXê@ö�ì�ô��6 �éJí�ôHì[ú[éJò�ëJï�ùHìHð

ñ¹ì�ùHéJú[ì�ê3ì � ó@éJò�üHú�ï
ÿXôHùHÿXëJï�÷:ø�ì ùHï ÿXô@FHü�GJôHëJÿYï!ùHé�ò@é4	qòCï�÷:ø�ì ô<ï
ì�ö<ï�ëJÿXù<ï�ùHé�ö�éJíXì üHê@ì
ù<ï>éJûMü<ï�÷:ø�ì[ùHé.H<ò�éJê@ôHéJí�ê@ÿXú>öHíXÿ65<ë:ï�ù<ïcõ<ùHé0ê@ëJò�ÿ�óCï>ö�éJíYï>ê@é�7�üHÿXô�óCépéJûMü<ï�÷:ø�ìJILK?M�NO%

R =
(n1 − n2)

2

(n1 + n2)2
(7.1)

ì�ôHùHé9PQ8nï[ò@é4F<é0ó@ÿ6 cÿXù<ï�ùHé3ûMüHé%ò�éJöHò�éJê@é0ô�ó~ï�ï/	qòCï�÷Jø�ì�ù<ï[íXü � ÿXôHëJÿXùHé0ô�ó@é%ûMüHé$8%ò@é4F<é0ó@ÿXù<ï�ô<ï
ÿXô�óCé0ò�	�ï�ëJé3ù<ï�ï�ú[ì�ê�óCò@ï6õ n1

é n2
êCø�ì�ë0ì�ôHê�ó~ï�ô�óCé0êR'�ö6ó@ÿXë:ï�ê�ùHì�ú�ï�óCé0ò@ÿYï�íªõ�ê@é0ôHùHì n1

ì,�XôHùHÿXëJé
ùHé-ò�é�	qò@ï�÷:ø�ì{ùHì{öHÿ�7�ú[é0ô�óCì{é n2

ì��XôHùHÿXë0é-ùHì{ú[éJÿXì{ïnì�ö<ï�ë0ÿ65<ë:ï�ò0ð2ST �é0ò@ÿ65<ëJï�ùHì{ûMü6é-ûMü<ï�ô�ó@ì
ú�ï�ÿXì�ò¸ì/�XôHùHÿXëJé�ù6é�ò@é4	qòCï�÷:ø�ì[ò�éJíYï�óCÿ6 �ì>ú�ï�ÿXì�òU83ï>ò@é4F<é0ó@ÿ6 cÿXù<ï�ù6é�ð

P a r t íc u la s d e d ió x id o d e t it â n io (T iO2)

1 T iO2
öHüHò�ìV8�üHú ê#'�íXÿXùHìyë0ò@ÿXê�óCï�íXÿXôHì ÿXôHëJì�íXì�ò0õ¹é0ê�ó*�� �éJí#é�ï�ô@	W'�óCé0ò�ìT+qê@ü � ê�ó*)�ôHëJÿYï
ûMüHé

ö�ì�ùHé³ê@éyëJì�ú[ö�ì�ò�óCï�ò�ëJì�ú[ì±üHúX��ëJÿXùHì±ì�ü ëJì�ú[ì�üHú�ï � ï�ê@é�õaùHé0ö�éJôHùHé0ôHùHì�ùHì�ò�é:ï�7�éJô�ó@é
öHò@é0ê@éJô�ó@é - õ�ï�ö�é0êCï�òÓùHé
ï�ö6ò@é0ê@éJô�óCï�òÓëJï�ò@ï�ë0ó@éJò��Xê�ó@ÿXë:ï�êÓú�ï�ÿXêY��ëJÿXù<ï�êÕùHìaûMüHé � ��ê@ÿXëJï�êJðZS
óCï�ú � 80úö�ì�íXÿXú[ì�ò[	qìHõ§ê@éJôHùHì}é0ôHëJì�ô�óCò@ï�ùHì}é0ú óCò�GJê\	qì�ò�ú�ï�ê-ë0ò@ÿXê�óCï�íXÿXô<ï�ê]%�ï�ô<ï�óCï�ê@é�õ§ò@ü6ó@ÿXíXì}é � ò�ìMì_^Mÿ�ó@é�ð
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t2u�v�w�x,x]y{z�|]}Z~V��w�~>~��>�6v�x,��z&�W~_w��,zJ�/x�u�~_|��@v#��y�����z��Dz�}Zx]u��>�Dz�u�v�~Az�|����Dz�|���w����/x]��w#z�|�|���~
� ~_�/x�w � �{z�y��/x�u�v�x3�,z���|���w#~������]���Dz�|]�

� | � w���|�v*z���|V��x�w��@v#��y�~�z���w#x�|#x]u�v�z������,z�x]|�v#w#�@v#��w#z��,z���| � ~_�/�Dz � v�z��>��x�z��W~�w#�,z
z�uDz�v�z�|#x_}�~&�>��x�x4�@��y�� � z&z�|.���/��~�w�v�z�u�v#x]|.���6�Wx�w#x�u���z�|�z�|.x]u�v#w#x/z�|.���Dz�|3�W~_w#�,z�|]}Yx����Dz�w��
v�� � ��y{z�w�~�|#x]��x�y�x���z���~� �u���� � x3��x:w#x4�Ww�z��]��~�}@�,z���~�wUx�|�v*z�����y����Dz���x3x3z�y6v�z���x]u�|#����z���x_� � z�y6v�~
 �u���� � x\��x:w�x��Ww#z�����~���~_| � w#��|�v�z���|���x\w��@v���y�~9�:~��>�@x:y�x���z�z�~9|#x]�<�,z���~�w���~>�@x]w¡~_�Dz � �6¢ � z�u�v#x£ w�x]�����]��~��Dz�v#w�z�u�|#����|#|���~���x:y�����¤¥x:|#����x]w���~_w�x�|�v*z�����y����Dz���x:x¦��v�x�w#��~�w]}��3z9��w#��u � ���Dz�y§w�z�����~
�Dz�w�z,|#x]�A��|#~���w�x��Wx�w#x�u � �{z�y¨x]�©w�x]y{z��]��~<z�~�z�uDz�v�z�|#x_� � ����ª��@����~���x$v��6v�«�u���~�z���w#x�|#x]u�v�z?�¬|#x
� ~_�/~J���­x�¢ � ��x]u�v#x,�/x]��~Jx]|#�Dz�y�®Dz���~_w�} � ~_�­���­ �u���� � x,��x,w�x��Ww#z�����~J��x η ≈ 2, 71

} � ~_�
¯�°¦± ��x3x]u�x�w#²_�{z���x ≈ ³ xµ´9�

P a r t íc u la s d e a lu m in a (Al2O3)

� ª��@����~¶��x·z�y����/ �u���~T�A��� � ~_�/��~_|�v#~T�>�� ���� � ~T��x¸z�y����/ �u���~¶xA~��@��²_¹�u���~�} � �?º#zTz
�m~�w#�9��y�z��>�� ��/� � z�� Al2O3

�2t2|�v�x � ~_�/��~�|�v�~��3~���w���u � ���Dz�y � ~_�/��~_u�x�u�v#x3�Dz��Dz����@�6v�z@}@�>��x
������w��6¢ � z��Dz�x]�©ª��@����~���x�z�y����� �u���~��3»Zz��9�����¼� � ~_u�®�x � ����~ � ~_�/~<z�y����/��uDz@}§���¼u�~_�/x
��|�z���~3�Ww�x]�>��x�u�v#x]�/x]u½v�xUx]� � ��¹]u � �{z3��~_|2�/z�v�x�w#�{z���|]�b¾¿���À��~_|2�,z�v#x]w��{z���|bw#x4�mw#z�v�Á�w���~_|2�,z���|
�½x]w�|�Á�v#x]��|�x3v#x]��x¦��v�x�u�|�z�²½z��/z���x$z���y�� � z��]Â>x�|�uDz�|��,z���|����6�½x�w#|�z�|ÃÁ�w#x]z�|]�

ÄÃx]|�v#x0v#w�z��Dz�y�®�~�}"�@v��6y�����z��/~�|�z�y����/��uDz � z�y � ��uDz��DzJÅÃ��Æ�}"�>��x�����w�~>���������DzV��u�����|�v#w#�{z�yÇ�
�/x]u�v#x:��x]y{z � z�y � ��uDz�����~�w�x]y{z�v#�6��z���x]u�v#x:��u�v#x]u�|�z9��~�®�����w�ª��@����~���x3z�y����/ �u���~@}@�>��x:�:~��@v�����~
zV�Dz�w[v#��w��DzV����w��6¢ � z�����~V�DzV�Dz����@�6v*zVz�v#w�z]�½�]|���~ � ®Dz��,z���~V��w#~ � x]|#|�~¸È�z�É½x�w�ÊLË_Ë?ÌO�AÍ��Dz�|
�Dz�w�v#  � ��y{z�| � ~_u�|�v#�6v#��x]���¬|#xR��x\z�²_y6~_�/x]w#z���~_|Î��x � w#��|�v�z���|Î��x\z�y����/��uDz�z�y6�mz@} � ~_�Ï�Dz��Ç��z�Á�w�x�z
|#����x]w[¢ � �{z�yÐ��Í��Dz�|Ã��w�~_��w���x]�Dz���x�|���z�w��{z��B��x�z � ~_w���~ � ~��B~,²_w#z��J��x$����w�x]�]z@� � ª]�@����~,��x
z�y����/ �u���~�v#x]�� �u���� � x.��x.w�x��Ww#z�����~/��x η ≈ 1, 77

x.x�u�x]w�²_�{z���~ ¯½°¦± ��x ≈ Ñ x¬´��

7 .3 P r e p a r a ç ã o d a s So lu ç õ e s

� ��w#~ � x]|#|#~R��xÎ��w#x��Dz�w#z�����~R��xÎ|#~_y����]Â>x�|Z��x � ~�w�z�u�v#x_}���x¥�W~_w#�/zR²_x�w�z�yÐ}��Î�9���6v�~R|#���/��y�x]|]}
�,z�|�x4�@��²_x\�9���6v�~ � �����Dz���~�u�~�|#x����,z�u>��|#x]��~�}���x������@~�z�|#x���z�y6v#~�²_w�z�����x � ~_u�v�z��/��uDz��]��~��
Ò ~_w#z�u�v#x]|Îy{z�|#x�w#|Î|���~9z�y6v�z��/x]u�v#xÃv#ª��@� � ~�|]}>|#�Dz���uDz�y{z�����~9�R��w�x�º������ � �{z�yÓ�Dz�w#z9z�|Î���{z�|ÎuDz�|�z��6|]}
�§~���x]u���~�~ � z�|#��~_uDz�w¡y�x]|#Â>x�|]�¥Í�x]� � ~_u�v�z�v#~ � ~���z9��x�y�x:�:x4��v#w#x��,z��/x�u�v�x\�§x�w���²_~_|#~�}���w#��u � �Ç�
�Dz�y��/x]u�v#x\|#x:z9Á�w#x]z9z�v���u@²_���Dz�x]|�v#�6�½x]w¡y�x�|#��~_uDz��Dz�}���~_��|�~ � ~�w�z�u�v#x\��~>��x:z�v#��u�²_��w�z � ~�w#w�x]u�v#x
|�z�u�²_����u�x]z@�¥ÔJ���6v#~9u�~ � �6�_~�v*z��9���]�Õ��x]y�~9|#x���²_w#z�u���xRv#x]~_w¥v�ª]�@� � ~�}>�\~9|#~_y6�½x�u�v�xR�/x�v�z�u�~_yÐ�



Öb×�Ø#Ù�ÚWÛhÜ�Ý?Þ/×*ß>à�×�ÚmÛoáR×�â�ã[ä�å
61

æ�ç,è�é�ê#ë�ì�í#ç,îJï�ê�î>ð�ç]ñ#ñ#îJè�ç/ï�ê#ç�ïDë�ê#ë�ò�ó�îJèDë�ñ$ñ#î_ô�é�ò�õ>ç]ñ$îJö�ç]ñ#ö/îVë�í#÷�ì�ø_÷�ê.î_ñ$î_ô�ù�î�ñ]ú¨ï�î>è�ç
ô�ç]ñ#÷�î_ìDë�ê:ë0ð]û_ê�ì�ç�ë�ú§ô�ç�ü�ë�è@î<ý�ñ#ç�ø_é�ç�÷�ê�ë@þ3ÿ\é@í�ê�î�ð]î_ö�ï§î�ñ�í�î0í#û��@÷�ð�î��9î�æ��.æ§ú�ñ#éDë0÷�ìDë�ô{ë�ò�ó�î
î_é/÷�ì�ø�ç]ñ�í�ó�î3ï§î�è�çUï�ê#î�ü_î>ð�ë�ê"ü��_ö/÷6í#î_ñ2çUè�î_ê"ð�ë	��ç�ò�ë@ú½ï�î_ê[í�ë�ì�í#î$ë:ï�ê�ç]ïDë�ê#ë�ò]ó�î3èDë�ñ2ñ#î_ô�é�ò�õ>ç�ñ
ç
�@÷�ø_ç¡ð�ë�é@í#ç]ô{ë\ïDë�ê�ë��>é�ç�ìDó�î:î>ð]î_ê�ê#ë\ð]î_ì�í�ë�ö/÷�ìDë�ò]ó�î:ð�î_ö î_ñ"ð]î_ö/ï�î_ñ�í#î_ñ
�>é���ö/÷�ð�î_ñ]þ��\ñ#ñ#÷�ö&ú
ë��mî�ê#ö,ë.ð�î_ê�ê#ç4í*ë.è�çÃö,ë�ì>é�ñ#ç�ë�ê2î_ñÎð�î_ö/ï�î_ñ�í#î_ñ��Ãé@í#÷�ô�÷���ë�ì�è�î$ô�é@ü�ë�ñ¥çÃö���ñ#ð�ë�ê�ë�ñÎë�è�ç��>éDë�èDë�ñ]þ

�Rñ$ñ#î_ô�é�ò�õ>ç]ñ.ï�ê#ç�ïDë�ê#ë�èDë�ñ.è�ç,ð�î_ê#ë�ì�í#ç/ô{ë�ñ#ç]ê.ð�î_ì�í��]ö­ø�ç]ê#ë�ô�ö/ç�ì�í�ç��>éDë�ì½í�÷�èDë�è�ç]ñ$ö9é@÷6í�î
ï§ç��>é�ç�ìDë�ñ�è�ç.ð]î�ê�ë�ì�í�ç�ú�ñ#ç]ì�è�î/ð]î�ì�ð]ç�ì�í�ê#ë�ò�õ>ç]ñUí���ï�÷�ð�ë�ñ�èDë�î�ê#è�ç�ö�è�ç

10−5
ë

10−2
ö/î_ô����2þ

7 .3.1 So lu ç õ e s d e Rh -B c o m p a r t íc u la s d e TiO2

� ï�ê�ç]ïDë�ê�ë�ò]ó�î$èDë�ñÎë�ö/î_ñ�í#ê#ë�ñ��Ãê#ç]ë�ô�÷���ë�èDë.ç]ö è�éDë�ñ¥ç�í�ë�ïDë�ñ! >ìDë.ï�ê�÷�ö/ç]÷�ê#ë@ú�ï�ê�ç]ïDë�ê#ë�ö/î_ñ
ë¿ñ#î_ô�é�ò]ó�î è�ç&ð]î�ê�ë�ì�í#ç�þ#"Ãç]ñ�í#çJç$�@ï�ç]ê�÷�ö/ç]ì�í#î é@í#÷�ô�÷���ë�ö/î_ñ&%�'�(¿ö�� è�çJê�î>èDë�ö/÷�ìDë*),+Õè�÷�ñ-)
ñ#î_ô6ü�÷�èDë�ç�ö�ö/ç�í�ë�ì�î_ôÐú�è�÷6ü�÷�è�÷�ö/î�ñ.ç]ñ�í#ç�ü½î�ô�é�ö/ç/ç�ö í�ê�ç!��ç.�Wê#ë�ñ#ð]î�ñ.ð]î_ì�í#ç]ì@è�î&ð�ë�èDë�é�ö/'	(
ö�� èDëTñ#î_ô�é�ò�ó�î0�1��ñ#÷�ð�ë32Wð]î_ê#ë�ì�í#ç54 ñ#î_ô6ü_ç]ì�í#ç*6¦þ7"\ëTñ#ç�ø_é�ì�èDë@úRç�í�ë�ïDë ë�è�÷�ð�÷�î_ìDë�ö/î�ñJë�ñ
ïDë�ê�í���ð�é�ô{ë�ñ3ç�ñ#ïDë�ô�ùDë�è�î_ê#ë�ñ:è�ç

T iO2

ç]ö¼ð]î_ì�ð�ç]ì�í#ê#ë�ò]õ>ç�ñ3è�ç4í�ç�ê#ö/÷�ìDë�èDë�ñ3ïDë�ê#ë�ð�ë�èDë&�Wê�ë�ñ#ð]î�þ
� ç�ñ#ð]î�ô�ùDë�ð�î_ê�ê#ç4í*ë�èDë�ð]î_ì�ð�ç]ì�í#ê#ë�ò�ó�î�è�ç3ïDë�ê�í���ð]é�ô{ë�ñ8�3ð]ê�é�ð]÷{ë�ôÐú�ï�î_÷�ñUïDë�ê�ë�î:9<;	=?>A@�BDCE;*F*G
9
è�ç�ü½ç�ö/î_ñÃï�ç]ì�ñ�ë�ê�í�ë�ì�í#î,ì�î,ð]î_ö�ï�ê#÷�ö/ç�ì�í�î/è�ç$ï�ç]ì�ç4í�ê#ë�ò]ó�î,è�î��Wç]÷H�@ç.è�çI��î_öJ��ç]ë�ö/ç]ì�í#î,ì�î
ö/ç]÷�î/è�ç.ø_ë�ì�ù�î�ú��>éDë�ì�í�î/ìDë�ê�ç�ë�ô�÷�ö/ç]ì�í�ë�ò�ó�î/è�î/ñ#÷�ñ�í#ç]ö,ë@þ

� ï�ê�ç�ïDë�ê�ë�ò�ó�î/èDë�ñ#î�ô�é�ò�ó�î�è�ç.ð]î�ê�ë�ì�í#ç��Wî�÷�ç$�@ç]ð�é@í*ë�èDë�èDë�ñ#ç]ø�é�÷�ì�í�ç3ö,ë�ì�ç]÷�ê#ë�K
⇒ L ê�÷�ö/ç]÷�ê#ë�ö/ç�ì�í�ç�ú�ç]ñ#ð�î_ô�ù�ç]ö/î�ñ�î/ð]î_ê#ë�ì�í#çMKN2PO�ùQ)R+S6¡èDë�T
�@ð]÷6í#î_ìU 
⇒ V ë	�]ç�ö/î_ñÃë�ç]ñ#ð�î_ô�ùDë�è�î/ñ#î_ô6ü_ç]ì�í#çMKbö/ç�í�ë�ì�î_ô èDë�WJç�ê#ðYX? 
⇒
�\ç�í#ç]ê�ö/÷�ìDë�ö/î_ñÎë.ð]î_ì�ð�ç]ì�í#ê�ë�ò�ó�î$è�çZO�ùQ)R+[��é�ç�ü�ë�ö/î_ñ¥é@í#÷�ô�÷���ë�ê¥ð�î_ö/î$ñ#î_ô�é�ò]ó�î�ë$ñ#ç�ê

è�÷�ô�é���èDë@úDë�í#ê�ë]ü��]ñ�èDë�ç��>éDë�ò]ó�î/èDë�ö/î_ô{ë�ê�÷�èDë�è�çIW\2Wö/î_ô��	�]6
 

M =
m

MM · V
(7.2)

î_ì�è�ç,ö^�,ë&ö,ë�ñ#ñ�ë�è�îJñ#î_ô�é@í#îJç�W_W`�0ë&ö/ë�ñ#ñ�ë&ö/î_ô{ë�ê$î_é ï�ç�ñ#îJö/î_ô�ç�ð]é�ô{ë�ê$è�îJñ#î�ô�é@í�î@ú
�>é�ç.ïDë�ê#ë/ë�O�ùQ)R+a�.÷�ø_éDë�ô�ë.b�c	d@úe(�øA�?ö/î_ôÐþ

⇒
�\÷�ô�é���ö/î�ñ�fM'Vö��EèDëAñ#î_ô�é�ò]ó�î·è�ç<ð]î�ì�ð]ç]ì½í�ê#ë�ò�ó�î0g

× 10−3
ö/î_ô��	� è�ç:O�ùQ)R+ ç]ö

ö/ç�í�ë�ì�î_ôh2Wè�÷�ô�é�÷�ò]ó�î��.é�öBï�ê#î�ð]ç]ñ#ñ#î/ç]öi�>é�ç.ñ#ç$è�÷�ö�÷�ì>é�÷Yë/ð�î_ì�ð]ç�ì�í�ê#ë�ò]ó�î,è�ç.é�ö,ë/ñ#î�ô�é�ò�ó�î
ï§ç�ô{ë/ë�è�÷�ò]ó�î/è�ç.ñ#î�ô6ü½ç]ì�í#ç.ï�é�ê�îA6¦ú�îM��ç]è�ç�ð]ç�ì�è�î/ï�ê#î�ð]ç]ñ#ñ�î_ñN��é���ö/÷�ð]î_ñ! 

⇒
�\ç�ï�î_÷�ñVè�î ï�ê�î>ð�ç]ñ#ñ#î è�ç è�÷�ô�é�÷�ò�ó�î�ú.ç]ñ[í*ë	��ç�ô�ç]ð�ç]ö/î_ñVë�ñVð]î_ì�ð�ç]ì�í#ê#ë�ò]õ�ç]ñVè�çjO�ùQ),+

ë ñ#ç]ê�ç]ö é@í�÷�ô�÷E��ë�èDë�ñ]þk"Ãç]ñ�í#çVç
��ï�ç]ê�÷�ö/ç]ì�í#î�úUé@í#÷�ô�÷���ë�ö/î_ñ�ë�ñ0ñ#ç]ø_é�÷�ì�í#ç]ñ0ð�î_ì�ð]ç�ì�í�ê#ë�ò�õ>ç]ñ0è�ç
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�!�M���	�A���M�S� × 10−5 �1� × 10−5 � � × 10−4 ��� × 10−4 ��� × 10−3 � �M���	�n�
� �<�!�1�������1���&���M�����!�	�����J���M���	�A��� � �����<����� � ���1�	�����&�s�M���&�	�������	�&�1�	���1�	�-�� ������¡�	�����

�����������������I���E��¢	�����¤£ T iO2 ¥ �1�§¦©¨�ªN«�¬�­J£|®S�H¯ � �����J°±¯,²	³M³ ¥ �!� � � � ���¡¢ � �
���<� ��´ ���������
µM¶ ³.� �:� �<���	����·!�	������������¸M�����A���©���<�{�!����� � �!�A�����

⇒ ¹ �<���	º?�����!��� � �M�����Z�!�M���!�!�A�����	�!»A�!�Z�1�	�Z���	�<�� ��!�����	�Z� � £s¸A��� ¥ ��������¼ ´ �Z�1�����!¸M�����A����!½{�1�	�!�	���
C =

m

V
(7.3)

�M����� �D´ � � �	�<���.�������M������� ��¾¿´ �.¼��M��� � �©�1�.���M�����!�	���ÁÀ ´ �.�!�M�����!�A�����	���	�.�!� � � �
£|���M���!���A�����	�!�	��� � ¸��	� ¥$Â

⇒ Ã ���<����� � �S�1�	�����S�s�	�M�!�M�A¼M�!�-�����Ä�S���M���!���A�����	�!�	�S¸A�	��� � �{Å � �����S���n�1�	�-�� ������¡�	�Y� cm3 �
�M�j���,Æ�� � ���!�������1�	������� � �����Ç�!���1����È1�	���M� ��� �	�Á���<� � �!���<�Ç�!�	���!���¡� � �M�J� � �	�����:���&� � �
�1�	�<�� ������¡�.�����	�������.����¸M�����A���©�<�!�¡�	�!�	���

mp = ρp · Vp (7.4)

�M����� ρp
´ �����!�������1�	���J�1�&�1�	�-�� ������¡� � mp

´ � � �	�����&�1�&�1�	�-�� ������¡��� Vp
´ ��¼��	��� � �J�1�

�1�	�<�� ������¡���
⇒ ¹ ���!�	�A�����	���&��¼	�	���M�N�1� � �������&���Á� � ���1�	�-�� ��!���¡�������	����������¸M�����A��� ´ ���	�������¡�	������!�������1�	�������©�1�	�-�� ��!���¡�	� /cm3 £ ρ ¥ �����	�������.�$�����<�!�����	���

ρ =
C

mp

=
m

V

1

mp

(7.5)

�M�����ÁÀ ´ �.�!�M�����!�A�����	������� � g /cm3 �

7 .3.2 C a r a c t e r iz a ç ã o d o s p a r â m e t r o s d o s is t e m a

É ���	º?�!�¡�_ÊQ�����	���<�!�����A���_���Ë� � �	�<�����	�Á����������·!�	�1�	�Á�1�	���Ç�<��������·��	�!�	�Ç���_�$���?�!�<� � ���A��� �
ºÌ� � ��� � �Ç�M�I�1�	��¢ � �������	�Á���	���	�
������ ��<�����!�	�Á�1�	���Í�����1�Ç� � �	�<������� ρ ´ ���!�������1�����&�����!�-¯
�1�	��È1�	���M�<�!� � ls

´ �Î���E¼Q�<�_�!� � ����È�� ��´ �����Î���Ç�!���1�	��È1� � �!�A��� � lt
´ �j�!� � ���<� � ���A���j���

�����	�����?�M�-����� klt
´ �_�1�	��¢ � �
���<�Ç���&�M����� � ���Ç�����<��� � �Í�1�	���Í���	�1�Ç� � �M�<������� É ���!�!�	�

�����	���<¼����������Ì���Ï�!���1�	�EÈ1� � �!�A��� σs
� �1�	���J�Ë����¸M� � �Ï�����!���1�	��È1� � �!�A����ÐÍ��� � ���
���!� � ���1� � �M�

�Ì�����.�����	¸M��� � �&ÑÓÒPÔ©ÕÌÖ�×	­P­RÔ
Ø$ÒÙ¬{ÚÓÛ ¶	Ü�Ý � �Mº����!����� σs Þ ³ � µ � µ µm2 �àß������!� � ���1� � �	� lt
�?�M���

lt =
ls

1− < c o s θ >
(7.6)
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ñMò�ó�ô < c o s θ > õ ñ�ö!ñx÷Rø�ô�ò�ñ�ù õ ó�ú�ñ.ó�ñ�û	ò�üMý�þ�ñ�ó�ô�ô!ø�ÿ��	þ�����ù�ô!ò���ñ��
� ÿ��
	�û�ù�ô���	�ñ§ó�ô�ñ
	<ó�ô�ù ó�ñ:ø�ú�ø���ô�ù��§ò�ñ	ø��sñ
	�ò�ô�ö!ô��§ú�ò��sñ
	<ù��
���	ñ:ó�ô.ô!ù��{ý�ô�	�ô�üMú�ù�ô

ô!ø����	ù�ñMø���	��
���	þ����	ò�ó�ñ����Zô!ø���ô�ô ��ÿ?ô�	<ú�ù�ô�ò���ñ�!�ô�ø��"��ù�ñMøSò�ñ�	<ô!ü	ú�ù�ô�ó�ôÏô!ø�ÿ��	þ����	ù�ô!ò���ñ�#Íú�ô
!
ñMò�ó�ô λ õ ó��&ñ
	<ó�ô!ù ó�ñ ó�ú¡û�ù�ô���	�ñ�ó��&ÿ��
	$��%Eö!ý�þ&��!Ìó�ô'�sñ
	<ù��(�Aý�ô < c o s θ > ≈ ) !+*,�.-/�
	��
ò�ñMø�ø�ñ.ô0��ÿ?ô�	<ú�ù�ô�ò���ñ��{ý�ô�	�ô�ù�ñMø�!���ò��	þ�ú�ø��
	SñMøSó��	ó�ñMøSò�ñ�	�ô�üMú�ù�ô�ó�ú1�sý�ø�ú12�ñ�!�ñMý:ø�ô43�� klt À 5 �� ��ø�ô�	$2
�	ò�ó�ñ��6�"�7�Ìô�þ&��8,� 5 2�ô�	�ú:91ö;�	ù�ñ	ø<�{ý�ô©ô!ø����	ù�ñ	øNò�ñ�	<ô!ü	ú�ù�ô©ó�ú1�sý�ø�ú12�ñ>= λ ¿ ls ¿ L ? !
λ @A) !+*
BDC µm ôFE @G5;)
)
)
) µm �

a m o s tr a s ρ (×109cm−3) ls (µm) lt (µm) klt
1 3,06 1423,3 2846,7 33620,6

2 9,20 473,4 947 11182,5

3 15,30 284,7 569 6724,1

4 30,60 142,3 285 3362,1

5 92,0 47,3 94,7 1118,2

6 153,0 28,5 56,9 672,4

7 214,0 20,4 40,7 480,7

8 306,0 14,2 28,5 336,2

9 611,0 7,13 14,3 168,4

10 920,0 4,73 9,47 111,8

11 1200,0 3,63 7,26 85,7

12 1530,0 2,85 5,69 67,2

13 1830,0 2,38 4,76 56,2

T a b e la 7.1: P a r â m e tr o s c a r a c te r ís tic o s d o s is te m a , c a lc u la d o s p a r a c a d a a m o s tr a .

HJILK�I
MON�P&IRQ,S+T,U<K�N�V�W
XYI
XYZ�W
[�Z�N�[�K�\�I
]�^_N�XY`�NaZ�W
\�I
[�K�N
UJIb`�N�[�X�c1`�I
`�Nd`�NaV�W
P�e�Z�f�P&I7X
[�WgV�N�c�WihjV�W
P�e�Z�f�P&I
X"k

cm3 l N�WgZ�W
V�m�\�c�V�N�[�K�WY`�N�I7M�X�W
\�]�n
W
la
S6opX�N�]�n
WYK�\�I7[�X�qDN�\�X�I
P/`�N

I
M�X�W
\�];n
W(`�I(V�W
P�e�Z�f�P&I(e�I(c�[�K�N�[�X�c�`�I
`�N6`�NrP�f�s6`�c�X�mOW
[�t1qDN�Pu[_f�Vv`�I
`�WwZ�W
V�m�\�c�V�N�[�K�Ww`�N
W
[�`�I�x_f�NFI�V�W
P�e�Z�f�P&I�mOW_`�NFI
M�X�W
\�qDN�\�S

C o n c e n tr a ç ã o (×10−5 m o l/L ) N (×1015m o léc u la s /µm) la (µm)

1 6,02 12201,0

3 18,0 4066,2

0,1 60,20 1220,0

0,3 180,0 406,2

0,01 602,0 122,0

T a b e la 7.2: V a r ia ç ã o d e la c o m a d e n s id a d e d e m o léc u la s n o m e io .
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�<��������� ���O�������������������0���������1���
���
�
σa � �������1�;�
������� �����¡����¢£�����¥¤¥¦§�
�r¨O���$�(©1ª¬«�­¯®u���0¤

� � �1�"�
�������
σa ° ª
®�±

×10−16cm2 ²
³<�´���
��µ
��������� ����������¶��&�
�����7���g���������������·� ¶��
���O�
�$�"�7��������� �������
�����
�F�����������
��®¹¸

��¶��
���������������������'�
¨����
��º;»
�����1¼ � ���1½D� La
®O¾ � �'�����&�7¶����
�������������������
���'�����������7��¿��
���
�����

¶��
�À�_Á��������<���¡���
��¸�¶ � �&�7�¹���������������¡���J��������®7���
�¹�������<��Â<¸¡�
¨������$½
�
���J¾ � �
�����Ã½
�
���&�
���
�
��¶��
��¶����������
º;»7������¶��
���
����� ² �J���"�7¨O���&��Ä ²ÆÅ ®��������F�����O�
�����
�����F���7��µ
����������¸·���
�������
�����
½D�����1Ç�¶;�7���
�Ã¶��
������������½
�
���&��¶��
�È��¶��
��¶����������
º;»7�����·¶��
���
����� ²

La (µm )

a m o s tr a s 1×10−5 m o l/L 3×10−5 m o l/L 1×10−4 m o l/L 3×10−4 m o l/L 1×10−3 m o l/L

1 3402,56 1964,26 1075,98 620,80 340,26

2 1962,33 1132,83 620,54 358,03 196,23

3 1521,67 878,44 481,19 277,63 152,17

4 1075,98 621,15 340,26 196,31 107,60

5 620,54 358,23 196,23 113,22 62,05

6 481,19 277,79 152,17 87,79 48,12

7 406,87 234,88 128,66 74,23 40,69

8 340,26 196,43 107,60 62,08 34,03

9 240,79 139,01 76,15 43,93 24,08

10 196,23 113,28 62,05 35,80 19,62

11 171,82 99,19 54,33 31,35 17,18

12 152,17 87,84 48,12 27,76 15,22

13 139,14 80,32 44,00 25,39 13,91

T a b e la 7.3: V a lo r e s d e c o m p r im e n to d e p e n e tr a ç ã o La p a r a n o s s a s a m o s tr a s .

7 .3.3 So lu ç õ e s d e Rh -6 G + SDS c o m e s p a lh a d o r e s

É �����_¶����������������d�0���O�������������"�7�Ê���
���a¼��
�������7�����
� � º�Ë_����¸ �7��Ì
���
Í
�Î�7�Ï������¶����1���Ï���
����º;»7�'�
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Í � �'�������
�������
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�
º;»
���&�
�����Ê���·�������������
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���������·�������7��¿��
���
�����Ã¶��
�×ÍD�
��¿������È���
� � º�Ë_���<�
¾ � �
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���
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���O�
�����
�¹�O�
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��W���
�e

�S�<����8�������

�S���/�����3&J

�*�+
��"��ÿFÿI�?
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��ÿ�������

ÿ��"����ÿI

�h�<����8�������

�h���<�������#��� DJE �TOUF�G;H£ÿI�����! Dÿ��"��ÿ/ikj�lnmo,

So lu ç õ e s d e Rh -6 G + SDS c o m T iO2

AW�Z���
����ÿ��"����

6�7�ÿ��Z��ÿ E �TOUF�Gp���?

��

�2&(�
�?
���qsr ×10−4 �<���ut
v ÿwr ×10−3 �<���ut�vx,
A=��ÿ���������

��ÿy���s��ÿ����ãÿ���þ�

����

���
�'&(���\X#z�

��
bþ�

��
{���1��

��

��

�<���3����

�gÿ��}| ×1011

þ�

�3����������

�+t cm3 ,~A ÿ�����������
���ÿ����?
���ÿ��#������

��ÿ�8Êþ:�
��01��ÿ�8h
����
����ÿ��"�?��

6%>��^01��ÿÊÿ�z#��fOÿ����/
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�-,I�\
2�?

fOÿ���
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�Z��������ÿ��"���?

6�7_ÿ��Z��ÿ L#M^L �#�?������$�

��

�2��ÿ��3��ÿ�ÿ*z�þOÿ����!��ÿ��"������fOÿ������
�<������
@��ÿ���������

��ÿ
�<����ÿ�������

�W��

�\��������6�7_ÿ���,h�a

�3��

�<�
��
2���
����ÿ��"�?��

6�>
�Z�<�
��

�W��ÿ L#M^L ��
/X�����ÿ4��f���ÿ��3 

��
����
	���#����ÿ�������
	���<�����<��

����

��ÿ���,

A m o s tr a s C o n c e n tr a ç ã o (×10−3 m o l/L ) N (×1018 m o léc u la s /cm3)

1 8,0 4,80

2 9,0 5,40

3 10,0 6,0

4 20,0 12,0

5 30,0 18,0

6 40,0 24,0

7 50,0 30,0

8 60,0 36,0

9 80,0 48,0

10 100,0 60,0

T a b e la 7.4: C o n c e n tr a ç õ e s d e S D S u s a d a s m o e x p e r im e n to .
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So lu ç õ e s d e Rh -6 G + SDS c o m Al2O3

©xª3«�¬�­�ª?­�®<¯�°a±�¯�²�°a³�¯�´nµ3¶�´"·?¯
°a±�«\­�®<¯�°3·?ª�­
°a¶#·�²�¸�²�¹%­�´�±�¯4­;ª3¯1±�­
®<²�´�­;º�»¼³�¯�®<¯5®<«�²�¯5±�«
½ ­
´�¾�¯V´�¯�°�«*¿T¬�«�ª3²�®<«�´"·�¯�°�À)ÁÂ³�¯�´�³�«�´"·�ª?­
Ã�Ä
¯4Å(¯�²�Æ#¿�­
±�­4«�®ÈÇ

×10−4
®<¯�¸uÉ�ÊxÀ�ËS¯	¬�ª3²�®<«�²�ª3¯

«*¿#¬:«�ª3²�®<«�´"·?¯#Ìx¶#·�²�¸�²�¹%­
®	¯�°V³�¯�®<¯�°�¯
¸!Í�«�´"·�«'¯Î«�·?­
´�¯�¸^Ï-Ð9«�ª�³+Ñ#Ò�À@ËS¯�°�« ½ ¶#´�±�¯�Ìx¯�°�¯
¸!Í�«�´"·�«
ÅJ¯
²�­<Ó ½ ¶�­	±�«�²�¯�´�²�¹�­
±�­	«;­
³�ª�«�°�³�«�´"·+­
®	¯�°S¯<°�¶�ª�ÅJ­
³*·+­
´"·�«5Ô#Õ^Ô'´�­	³�¯�´�³�«�´"·�ª?­�Ã%Ä
¯<®<¯
¸�­
ªh±�«
Ö
×10−2

®<¯�¸�É
ÊxÀ�©×­
ª�­<­�®4Ø:¯�°h«�¿#¬:«�ª3²�®<«�´"·?¯�°�Ì#¶#·�²�¸�²�¹%­
®<¯
°h³�¯�®<¯	¬�­
ª3·�Ù�³�¶�¸�­
°h«�°�¬�­
¸�¾�­
±�¯
ª?­
°
­

Al2O3

Ì�³�¯
®<¯^±#²�Ú
®<«�·�ª3¯^®<Û�±�²�¯�±�«�Ü�Ý�Ý\´�®�À~ÁÞ°�«�Ã�Ä
¯\·?ª�­
´�°3Í�«�ª�°?­�¸#±�«�«�°�¬�­
¸�¾�­
®<«�´"·�¯�Í�­
¸�«
σs ß Ý#ÌkÝ�º�Ü

µ
®�ÀbËW­V·+­
Ø:«�¸�­/àTÀ Ö ®<¯�°3·�ª?­�®<¯�°S­
°h±�«�´�°�²�±�­
±�«�°h±�«I«�°�¬�­
¸�¾�­
±�¯�ª3«�°h¶#·?²�¸�²�¹�­
±�­
°�Ì

ls
Ì
lt
«

klt
À

A m o s tr a s ρ (×1012 p a r tíc u la s /cm3) ls (µm ) lt (µm ) klt
1 2,5 6,30 12,6 148,8

2 5,0 3,20 6,3 74,4

3 10,0 1,60 3,2 37,2

4 20,0 0,80 1,6 18,6

5 25,0 0,60 1,2 15,0

6 30,0 0,50 1,0 12,4

T a b e la 7.5: P a r â m e tr o s c a r a c te r ís tic o s d o s is te m a , c a lc u la d o s p a r a c a d a a m o s tr a .

7 .4 Mo n t a g e m Ex p e r im e n t a l

á ­
ª3ª�­
´nµ3¯'«*¿#¬:«�ª�²�®<«�´"·+­�¸×¶#·�²�¸�²�¹%­�±�¯�¬�­
ª?­'­Zª3«%­
¸�²�¹�­
Ã%Ä�¯�±�­�°^®<«�±�²�±�­
°�ÛV®<¯�°3·?ª�­
±�¯'«�°�â
ã ¶�«�®/­�·�²�³�­
®<«�´"·�«<´�­�Æ ½ ¶�ª�­9àTÀ�Ç�ÀZ©]¯1±�«�®<¯�°I¯�Ø�°�«�ª�Í
­
ªI´�«�°3·�«	Æ ½ ¶�ª�­�¯C¸�­
°�«�ª;±�«<Ø:¯�®4Ø:«%­�â
®<«�´"·�¯<²�´�³�²�±#²�´�±�¯<°�¯�Ø�ª�«I­<­
®<¯�°3·�ª�­	«I°�«�¶�Å(«�²P¿#«�À)Áä­
®<¯�°3·�ª�­	«�®<²!·�«I¶�®/­	ª�­
±�²�­�Ã%Ä
¯<±�²!Å(¶�°?­
ã ¶�«5Û5³�¯
¸�«�·?­
±�­/¬:¯�ªW¶�®/­<Æ�Ø�ª�­/å�¬#·�²�³%­2­
³�¯�¬�¸�­
±�­2­/¶�®�«�°�¬:«�³�·�ª3æ�®<«�·�ª�¯#ÀhÁç³�¯�´#Æ ½ ¶�ª?­�Ã%Ä
¯
«*¿#¬:«�ª3²�®<«�´"·+­�¸NÅ(¯
²R­	®<«�°�®/­	¬�­
ª�­V·�¯1±�¯�°h«*¿T¬�«�ª3²�®<«�´"·�¯�°hª3«%­
¸�²�¹�­
±�¯�°h´�«�°3·?­	è]«�°�«
À
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F ig u r a 7.1: E s q u e m a d o a r r a n jo e x p e r im e n ta l. A e m is s ã o d o s is te m a r a n d o m la s e r é

c o le ta d a c o m θ = 150.

9;:=<,>�<$?�:=@�?BA�> %(C >�D !E" A�>�<$?B:=D �GF ?IHKJMLON�PRQ�S�TIU=V
T�Q�WXUZY[N�\�V
H^]`_._._ 7ba ? F ? C > % ?B: *$�G �! A �
> #& �!E� A)@�> C	� @�A)?  �! > F <,> CG"$c[�	! > � >ed c A�>f<$? � :�D �	C	! A�g %h�	! A�? * d Fi! A�?�:j> !��	 �" >�<$?BA � :k< � < �	 `l
: # <,>�< � :nm�D !E#&C >�:po *q/r*ts`*q/u�pvr*q/r71a ? % ?w> �	%p# :�:Ex�?zy � A�>�<,>  x�?u{ # :�? ! A)mBD #&C > � D[?�< � : � A
? c : � A�|�>�<,> �	%}! ?�<$?B:j?B:5~  y "$F ?�:5:�m F&# <r?B:5< �^�	%p# :�:Ex�? C ? F ? C > % ?�: * >hd c A�>  �"$% >pD[?�: #&� x�?
C ? %�"$% ~  y "$F ?^< �

150
�	% A �GF > � x�?�>�?n@ �G#��r� < �jc ? %ec[� > %p�	 �! ? 7���%� ?�:�:�? �O� D � A #&%p�G �! ?

� : !�� {n?1~  y "$F ?p� "$� >�D$A � : �G �! >p> %p�GF&� ?BA � d CG#&�G rCG# >h< �n�	%p# :�:Ex�? 7
� �	 $� A)y # >n< �jc ? %ec[� > %p�G �! ?n|�>�A # ? " < �5/`*q/.- > s�/n%��$*.C ? %�� : ! >�|�>�A # > � x�?^< �j�	 $� A)y # >

���e���w��6 A � > F&#&4 > % ?B:^< �G4 ? #i! ? %p� < # <,>�:^D,>�AE> C >�<,>w> % ?B: ! AE> 7 � :e> % ?B: ! A�>�: � A�> %�C ? F ? l
C >�<,>�: �G%�CG"$c[�8! >�:n< � � " >�A !�4 ? C ? %�� :�D � :�: " A�>�:n< � o /�%p%z7 9 ! AE> ! > %p�	 �! ?u<$?B:n<,>�<$?�:
@�? # A � > F&#&4 >�<$? "r!E#&F&#&4 >  <$?I?zHKJMLON�PRQ�S�TuUbSO\&��\�W�����_ 7 � !E�	% D � A�> !�" A�>�<$?�> %ec$#&�G �!�� � " >  <$?
@�?�AE> % A � > F&#&4 >�<$>�:j>�: %p� < # <,>�: � AE>h< �

23o
a�7

� >�d,y " A�> � 7¡s`*�!��G% ?�:p>�@�? ! ?ByBA�>�d¢>�<,> % ?  �! >�y �	%£�8� D � A #&%p�G �! > F�7¤0 ?B: ! A�> % ?B: "$%
� :�� "$�	% >I<$? F >�: � A c ? %ec[� >  <$?�>I> % ?B: ! AE> � > C >�D ! > � x�?I<$?B:;<,>�<$?B: 7�� ?�< �8l : � ? c : � A)|�>�A
>hAE>�< # > � x�?h< # @ " :E>h<,>p> % ?B: ! AE> 7

� >�d,y " A�>h� 7qv`* :Ex�? % ?B: ! AE>�<,>�:¥< " >�:k> % ?B: ! A�>�: C ?  �!�# <,>�: �	%¦"$% > CG"rc§�8! >�< �;C ? % D$A #�l
%p�G �! ?�¨X©}o CG%z*["r!�#&F&#&4 >�<,>�:  >�A � > F&#&4 > � x�?�<,>�: %p� < # <,>�: 7 � D$A #&%p�	# AE>�>I> % ?B: ! A�> * � "$�
� : !Eªn«;� :�� "$� A�<,> * @�? # < #&F&"$¬ <,> �G%­�	! >  ? F�*.� � " >  �! ?^>;: � y "$ <,>n> % ?B: ! A�> * � "$�=� : !
ª�« < # A �	#i! >
@�? # < #&F&"$# <,> �G%}ª y " >h< �G# ?  $#&4 >�<,> C ?  �!��G <$?p: " A�@�> C8! >  �!���®r¯�®§7

� >�AE> @�> 4G� A�>�:�< " >�:I> % ?�: ! A�>�: *¥"r!E#&F&#&4 > % ?B:�? C ?BAE>  �!E�wF >�: � A1< � A)?�<,>  $#& >±°B² � >�:
D,>�A !�¬&C	"$F >�: � :�D,> F&� >�<$?BA�>�:=:Ex�?p< � m �r# <$?p< � > F&"$%p¬i $# ? 7
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F ig u r a 7.2: A r r a n jo e x p e r im e n ta l u s a d o p a r a r e a liz a ç ã o d a s m e d id a s , o n d e é m o s tr a d o a

a m o s tr a s e n d o b o m b e a d a p e lo la s e r d e N d :Y A G p r o m o ve n d o a a ç ã o la s e r d o s is te m a .

F ig u r a 7.3: A m o s tr a s u tiliz a d a s p a r a r e a liz a ç ã o d o e x p e r im e n to .

Ã�Ä$Å�Æ	Ç�ÆGÈ�É�ÆeÊ�Ë�Ä$ÌiÉ�Í$Î&Ï$Ð�Ë�Ä$Å�Æ	Ç�ÆGÈ�É�ÏBÍÑÏ�Ç;Ä$Å)Ï�ÊGÆ	Ò$Ó&ÔpÆGÈ�É�ÏBÇ;ÆOÕrÄ[ÆGÅ)Ó&ÔpÆGÈ�ÉEË�Ó&Ç;Ë�Ò$Ï�ÉEË�Ò$ÏBÇ;Ä,Ë�ÅEË
Ä$Å�Æ	Ä,Ë�Å�Ë�Ö�×�Ï¤Ò,Ë�ÇzË�ÔpÏBÇ)ÉEÅ�Ë�Ç�ÆÑÅ)Æ�Ë�Î&Ó&ØGË�Ö�×�ÏXÒ$Ë�ÇuÔpÆ	Ò$Ó&Ò,Ë�ÇGÙÛÚ5Ï¤Ä$Å)Ü�ÕrÓ&ÔpÏ¤ÊGË�Ä$ÌiÉ�Í$Î&ÏÞÝ�Ë�ÔpÏBÇ
Ë�Ä$Å�Æ	Ç�ÆGÈ�ÉEË�ÅkÏBÇ=Å�Æ	Ç�Í$ÎiÉEË�Ò$ÏBÇ=ÆnÒ$Ó&Ç�Ê	Í$Ç�Ç�ß�ÆGÇGÙ



C a p ít u lo 8

Re s u lt a d o s e Dis c u s s õ e s

8.1 Em is s ã o d e m e io s e s p a lh a d o r e s c o m g a n h o

àjáGâ)ãEäpâ�áGå�æ�ç$è,é�ä�êpç�â�ä�ë$ì�á	â�áGí�ãEä�ìjá^î$ï&â�ð	ñrãEï&ì=çBâ5ì)áGâ�ñ$òiãEä�î$ç�â5çBórã�ï&î$çBâjë,ä�ì�ä1ñ$ê}â�ï&â)ã�áGê1ä
áGâ�ë,ä�ò&ô,ä�î$çBì5ðGçBêöõ.ä�í$ô$çrè§ç�í$î$á�çIêpá	ï&çIî$á�õ.ä�í$ô$ç�÷eä�ì)ç�î,ä�êpï&í,ä�ø�ù�ú=ô`ûüøký=á�çIêpá	ï&çIá	â�û
ë,ä�ò&ô,ä�î$çBìRâEæ�ç�ë,ä�ì�ã�þ&ðGñ$òÿä�â î$á

T iO2 � � â�çBòié.áGí�ã�á5ñrã�ï&ò&ï���ä�î$ç���çBï¢ç�êpá	ãEä�í$çBò � à5ç�â�â�ç�çBó��)á	ã�ïié.ç
ë$ì�ï&í$ð	ï&ë,ä�òk÷zä�í$ä�ò&ï&âEä�ìhç ðGçBêpë[ç�ì)ãEä�êpáGí.ãEç î$ç ò&ï&êpïÿä�ìhòÿä�â�á	ìháGê	��ñ$írå�æ�ç î,ä î$á	í$â�ï&î,ä�î$áuî$á
áGâ�ë,ä�ò&ô,ä�î$çBì�á	âRájî,ä�ðGçBí$ð	áGí�ã�ìEä�å�æ�çnêpçBòÿä�ì�î$á5ú=ô`ûüøXá=áGâ)ãEä�ó[áGò&á	ðGá	ìRñ$ê1ä�ì�á	òÿä�å�æ�ç^áGí�ã�ì�á=áGâ)ã�áGâ
î$çBï&â=ë,ä�ì�
�êpá	ã�ì)çBâ �

� ä�ìEänç�â�ï&â)ã�áGê1ä�
������������������ �Oè�ç�â ë$ì�ç�ðGáGâ�â�ç�â î$á5ì)á�ä�ó$â�çBì�åGæ�ç�âEæ�ç���çBì�ãEá	êpáGí�ã�ájî$áGë[áGí`û
î$áGí�ã�áGâkî$á�ä�ò&õBñ$í$âkë,ä�ì!
�êhá	ã�ì�çBâGè`ãEä�ï&âkð	çBêpç#"�î$á	í$â�ï&î,ä�î$á�îrçhêpáGï&çfáGâ�ë,ä�ò&ô,ä�î$çBìGè$äfó,ä�í$î,äfî$á
ä�ó$â�çBì)å�æ�çhî$çpðGçBì�ä�í�ã�áBè,ähð	çBí$ð	áGí�ã�ìEä�å�æ�çpêpç�ò&áGð	ñ$òÿä�ì=á�çpâ�çBòié.á	í�ãEá�í$ç%$�ñ,ä�ò�âEæ�çpî$ï&â�â�çBòié`ï&î$ç�â �& ï&í(',ñ#)Gí$ð	ïÿäzî$çzã�ï&ë[çwî$á1ðGç�ìEä�í�ãEá1÷pî$ápé`ïiãEä�ò�ï&êpë[çBì�ã*
�í$ðGïÿäzí$çwë$ì)ç�ð	áGâ�â�çwî$á1ì)á�ä�ó$â�çBì)å�æ�ç$è
ë§ç�ï&â5ï&êpë$ò&ï&ð�äpí,ä1â�ç�ó$ì�á	ë[çBâ�ï&å�æ�ç�çBñ3í,æ�ç�î,ä�â5â�á	å,+�á	âjã�ìEä�í$â)éBáGì)âEä�ï&â5î$á�ä�ó$â�çBì)å�æ�ç�á^áGêpï&â�âEæ�ç �& ðGç�í$ðGáGí�ã�ì�ä�å�æ�ç1êpçBòÿä�ì=÷^çBñrã�ì)ç%��ä�ã�çBìjî$ánõBì�ä�í$î$á^ì)áGò&á8é�
�í$ð	ïÿärè,ë[çBï&âjï&êpë$ò&ï&ð�äpí,ä-��ç�ì�ê1ä�å�æ�ç
çBñzí,æ�çpî$ánêpç�ò&÷Gð	ñ$òÿä�â=î$ánî$þ&êpáGì)çBâ�.0/�132 �

� â¥á4��áGïiã�çBâkî,äfä�î$ï&å�æ�çhî$á;áGâ�ë,ä�ò&ô,ä�î$çBì�á	âkáGê ñ$êpäfâ�çBò&ñ$åGæ�çhî$á;ðGçBì�ä�í�ã�á�ërñ$ì�çfâEæ�çhð	òÿä�ìEäKû
êpáGí�ã�á�ç�ó$â�áGì�é�ä�î$çBâ�á 5rë[á	ì�ï&êpá	í�ã
ä�ò&êpáGí�ã�á � à5ä76,õBñ$ì�ä98 ��: ã�áGêpçBâIç�âIáGâ�ë[á	ð	ã�ì�ç�âIî$á;',ñ$ç�û
ì�á	â�ð,)GírðGïÿä3á�á	êpï&â�âEæ�ç<
=���������>������� �Oè�áGê ù�äBý�â�ç�ò&ñ$å�æ�ç�ë$ñ$ì�ä�î$á�ú=ô`ûüø�â�á	ê á	â�ë,ä�ò&ô,ä�î$ç�û
ì�á	âeáGê ù�ó¢ýnâ�çBò&ñ$å�æ�ç�î$áIú=ô`ûüøÛð	çBê á	â�ë,ä�ò&ô,ä�î$ç�ì�á	âGè�ä�êeó,ä�âeâ�çBò&ñ$å4+�áGâ���çBì�ä�ê î$ï&ò&ñ$þ&î,ä�âeáGê
êpá	ãEä�í$çBò � � ó$â�áGì�é�ä�êpçBâ?$�ñ$á�ç�â�á	â�ë,ä�ò&ô,ä�î$ç�ì�á	â�ërì�çBêpç�é.áGê ñ$ê î$áGâ�ò&ç�ð�ä�êpá	í�ãEçÞí,ä7',ñ$ç�û
ì�á	â�ð,)GírðGïÿä ë,ä�ì�ä ç éBáGì)êpáGò&ô$ç$è ï&â)ã�ç â�áGí$î$ç@��ä�ð	ï&ò&êpáGí�ã�áué.áGì)ïA6,ðGä�î$ç í,ä ì�á	òÿä�å�æ�ç áGí�ã�ì�áB',ñ$ç�û
ì�á	â�ð,)GírðGïÿäwî$ç�ðGç�ìEä�í.ãEá�ðGçBê áIâ�á	ê áGâ�ë,ä�ò&ô,ä�î$çBì)áGâGè á�çÑä�ñ$êpáGí�ã�ç�î,äwî$áGí$â�ï&î,ä�î$áIî$ç3êpáGï&ç
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U,V�WYX�Z�[YX�\#]N^%_�`�a!U4`#V�_AbYcdX@]7\(U,V�Z�]�cdX�e%U,`�a�]#fhgjiYX�`#\(]7c,]�e%WYX�^�X�e%]NVkX�Vlc,i#^Km�X�V;noXNp�U9nrqsp t
mHU,^S_AbYcdX�e%]NVui#elXv^SU,\#i#wdx�]�\#^�y�VSa�_�cdXv\YXzZ{X�^�|Ni#^�Xv\#U}Z�_�`([YXz\#U=U,e%_�V�V!x�]�WYX�^!XzXzV�]�Z�i#wdx�]zc,]Ne
U,V�WYX�Z�[YX�\#]N^�U4V,tHU m~_�\#U4`#c,_{X�`#\#]v��i(U=XvX�\#_�w,x�]v\#U�U4V�WYX�Z�[YX�\#]�^�U4V�`YXjV�]NZ�i#wdx�]vc,]N`#V�U4|Ni#U�e�i#\#X�^
X�V=W#^�]�W#^�_�U4\YX�\#U,V=\#UvU,e%_�V�V!x�]%\YX%X�e%]NVSa�^!X(f
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F ig u r a 8.1: E s p e c tr o s d e fl u o r e s c ê n c ia p a r a s o lu ç ã o s e m e s p a lh a d o r e s (a ) e e m is s ã o R a n -

d o m La s e r c o m e s p a lh a d o r e s (b ).

° V±U4V�W�U,c a!^S]NV±\#U²X�q#V�]N^Sw,x�]#t�³Yi#]�^�U4V�c,´4`#c,_{XµU9\#U¶U,e%_�V�V!x�]¸·=¹�ºs»�¼�½¿¾�¹�ÀdÁ4ÂÃWYX�^�XhX
X�e%]NVSa�^!Xk\#U-Ä=[~ÅÇÆÈV!x�]Ée%]NVSa�^�X�\#]NVj`YXkbY|�i#^!XÉÊ~fÌË~fzÍÎU4VSa!U�|N^�y�bYc,]ÉÏ�X�W#^SU,V�U4`�a*X�\#]?]Éc,]�e�Å
W#^�_�e%U4`�a!]Ð\#UÉ]N`#\YX±\#UÉU Ñ(c4_Aa*X�wdx�]Ãn λpu m p

pÉnrc�p�f¶ÒÓeÔnÕXHpÖU<nrqsp t�a�U,e%]�V-]NV�U,V�W�U,c a�^�]NV�\#U
X�q#V�]N^Swdx�]?U�³Yi#]N^SU,V�c,´4`#c,_{Xkc,X�^�X�c4a�U,^S×�VSa�_�c,]NVØWYX�^�Xk]?c,]N^�X�`�a�U�\#U�Ä}[~ÅÇÆØfÙgjiYX�`#\#]?_�`#c,_�\#_�e%]NV
]ÛÚrU,_¨Ñ~UlZ{X�V�U4^z\#UlU�Ñ(c,_Aa!X�w,x�]#tÜ]Nq#V�U,^Km�X�e%]�V�i#elXÛU4e%_�V�V!x�]Ûc,]Ne>cdX�^�X�c a!U4^�×�VSa�_�cdX�V�Z{X�V�U,^SV?nr\sp t
��i#U�Ï�i#e%XÉX�V�V�_�`#X�a!i#^�Xk\#]NVjV�_�VSa�U,elX�VØa�_�W�]Ý·=¹�ºs»�¼�½Þ¾�¹�À�Á Â�fvÒÓVSa!X?U4e%_�V�V!x�]?V�ßÉÏ�W�]NV�V�×AmNU,Z
Wà]�^���i(U}`YXvV�]NZ�i#w,x�]zU Ñ(_�VSa�U,e�U,V�WYX�Z�[YX�\#]N^SU,V,t���i#U=V!x�]�^SU,V�W�]�`#V!ydmHU4_�VuW�U,Z{Xv^SUdX�Z�_�e-U,`�a!X�wdx�]z\#]
V�_�VSa!U4elX(fÐÒÓZ�U,V�X�W#^S_�V�_�]N`YX�e	X;Z�i#á?|NU4^!X�\YX;`#]±_�`�a�U,^S_�]N^�\YX;V�]�Z�i#wdx�](tâÚÕX�á,U4`#\#]±c,]Neã��i#U?]
c,]Ne%W#^S_�e%U,`Ha!]Öa�^!X�`#V�W�]N^Sa�U lt

W�U4^�c4]N^S^�_�\#]�W�U4Z�]NV¥Úrß�a!]N`#V¥V�Uåä�X�X�i(e%U,`�a!X�\#]�U,eæm�X�^S_{X�V¥]N^S\#U,`#V
\#Uz|N^�X�`#\#U,á,X(tYX�e%W#Z�_AbYc,X�`#\#]lX-Z�i#ávW�]N^=W#^S]�c,U4V�V�]NV=\#Uz^SU4a�^S]�ÅÇX�Z�_�e%U,`�a!X�w,x�]#f
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F ig u r a 8.2: E s p e c tr o s d e a b s o r ç ã o (a ), fl u o r e s c ê n c ia (b ) e e m is s ã o R a n d o m La s e r (d ). O

la s e r d e e x c ita ç ã o (PU M P) (c ) c o m c o m p r im e n to d e o n d a d e 532 n m .

8.1.1 In fl u ê n c ia d a c o n c e n t r a ç ã o d o c o r a n t e n a e m is s ã o Ra n d o m La s e r

0�1+24351+687:9<;>=*?@1BAC2D?E9/68=F1+687:9/2D?E9+G�A�9�7:=FHEH@IC1KJ"LCMONDP�QSR�LUTUVXWZY\[�]_^a`<351C68?E9/7:9�2D?E9b;>9�cO9/2
d
;>9/2D?E9e;>1+H�cfAC6EgC7:9�?E681+Hh;41iHE=FH8?E9/7jA
kmlonDp>=Oq�AC7:1+H�7:1+H8?E6@A�6hAr=F24sfp>t/2>u�=�Ar;fAvu�1+2>u�9/2D?E6@A�w#IC1
7:1+x�AC6v;>1yu/1C6@A�2D?@9z2fA{9/7:=FHEH@I�1yx�ACHE9�6/Gm9|cfAC6EA{=FHEHE1y689/ACxF=F}#AC7~1+HvqC�C68=�ACHiHE`�6E=F9�Hi;>9|9��4cO9/68= d
7:9/2D?E1+H/G&1C2>;>9�qCA�6E=�A�7:1+H�AZu�1+2>u�9/2D?E6@ACw/IC1Z;>9e[o�
d���2fACH�A�7:1+H8?E6@ACH/km��9/H8?E9/Hb9��4cO9/68=F7:9/2D?E1+H/G
qCAC68=�AC7:1+HiA�u/1C2>u/9/2D?E6EACw#I�1{7:1+x�AC6v;>1{u�1+6@A�2D?@9zc>AC6@A�;>pfA�Hi;>9�2>HE=F;fAC;>9/Hv;>9z9�HEcfACxF�fAC;>1+689�H/k
leHB;>9�2>HE=F;fAC;>9�HB9�HEu/1+xF�>=F;fA�HBH@IC1j;>1+=FH�6E9��+=F7:9�HB�O9/7�;>=FH8?E=F2D?@1+H���p>7�689/�+=F7:9Z;>9�356EACu/1j9/HEcfAUd
xF�fAC7:9/2D?E1K9op>7�3�1C68?E9/7:9�2D?@9"9�HEcfACxF�fAC;>1C6/km��c>68=F2>u/=FcfA�x>1+�&�89�?E=*q�1K`o9Xq
=F;>9/2>u�=�AC6�AK=F24sfp>t�2>u/=�A
;fA~u/1+2>u�9/2D?E6EACw#I�1:7:1+x�AC6";fA:[o�
d���2fA~9�7:=FHEH@IC1~?E=FcO1:x�ACHE9�6o;>1:HE=FH8?E9/7jA
k

�BA��f�Cp>6@A{�4k��4G�q+9/68=*�fu#AC7:1CHip>7�;>9/HExF1&u/AC7:9/2D?E1{;>1y9�HEcO9/uX?@681{;>9|9�7:=FHEH@IC1>G�u/1+24351+687:9
ACp>7:9/2D?@AC7:1CHZA�u/1C2>u/9�2D?@6EACw/IC1�7:1Cx�AC6�;49j[o�
d���2fA�HE1+xFp>w/IC1>k:���>HE9/6�qCA-d�HE9i?�A�7v�O`/7 A|6E9�d
;>p>w#IC1:;fA~x�AC68�+p>6EA:;49ZxF=F24�fAjA~7:9�=�AjA�x*?@p>6EA~;>9�9/7:=FHEH@IC1�Y�¡£¢¥¤e¦{^Xkf§�AC6EA:AC7:1+H8?E6@A~u/1C7¨A
u/1+2>u�9/2D?E6@A�w#IC1K;>9�©+G�ª

×10−5
7:1+x(«�]�GC?E9/7:1+H�n&p>9oA�¡£¢�¤�¦

≈
�+ª4G�ªK2>7�GDu�1+7:cfAC6EAC2>;>1�u�1+7

A�AC7:1+H8?E6EA|u/1C7¬7jAC=F1+6�u/1C2>u/9�2D?@6EACw#I�1­©+G�ª
×10−3

7:1Cx(«C]®A°¯Z±z²�³
≈ ´ G�ªz2>7�krlµu�1+7id
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ÃfÄCÅ@Ä�Æ#ÇCÈvÉ>Ê/Ë8ÌEÊ�ÃfÄ�Å@Í�Î:Ê�ÌEÅEÈvÊ�Ï
ÐFÉ>Ê�Ñ>Ò/Ð�ÄvÓ&Ô>ÊeÃOÈ&É>Ê�Î:È+Ë"ÄCÕ*ÌEÊ/ÅEÄCÅhÄCËhÃ>Å8È+Ã>Å8ÐFÊ/ÉfÄCÉ>Ê�ËhÉ>ÊeÊ/Î:ÐFËEË@ÇCÈ
Õ�ÄCËEÊ/Å�ÖaÏCÄ�ÅEÐ�Ä�Ñ>É>È°Ä|Ò�È+Ñ>Ò/Ê�ÑDÌ@ÅEÄCÆ/ÇCÈ�Î:È+Õ�ÄCÅ�É>È�Î:Ê�ÐFÈ�É>Ê~×�ÄCÑ>Ø>È>Ù~Ú�Ô4ÌEÅ8È�Û�Ä�ÌEÈ�ÐFÑDÌEÊ/Å8Ê/ËEË@ÄCÑDÌEÊ~Ü
Ó&Ô>ÊjÊ�Ë8Ì�Ä�Î:È+ËZÑ&Ô>Î Å8Ê/×+ÐFÎ~ÊjÉ>Ê:Û5ÅEÄCÒ�È°Ê/ËEÃfÄ�ÕFØfÄCÎ:Ê/ÑDÌEÈ>Ö_È+Ñ>É>ÊÝÄ�É>Ê/Ñ>ËEÐFÉfÄCÉ>Ê:É>È°Î:Ê�ÐFÈ°Ê/ËEÃfÄ�Õ Þ
ØfÄCÉ>È+ÅZÜ~ß4à>ÄCÉfÄ�ÃfÄCÅEÄ�Ì@È&ÉfÄ�ËvÄ�ËvÄCÎ~È+Ë8Ì@ÅEÄCËZÊ/Îâá4Ö�ã ×109 ÃfÄCÅ8ÌEäFÒ�Ô>Õ�ÄCË�å cm3 ÙzæBËEËEÐFÎ�Ö_Ì@Ê�Î:È+Ë
Ô>Î�ÕFÐ*Ï
Å8Ê�Ò#ÄCÎ~ÐFÑ>Ø>ÈjÎ:Ü�É>ÐFÈjÉ>Ê�Ê�ËEÃfÄCÕFØfÄCÎ:Ê�ÑDÌ@È:ÉfÄ~È+Å8É>Ê/ÎçÉ>Ê ls èêé/ëDì á4Ö�á+ã µ Î�ÖfÐFÑ>É>ÐFÒ#Ä�Ñ>É>È
Ô>Î�Å8Ê�×+ÐFÎ:Ê�É>ÊKÛ5ÅEÄCÒ�È:Ê/ËEÃfÄCÕFØfÄ�Î:Ê/ÑDÌEÈ>Ù
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F ig u r a 8.3: E s p e c tr o s d e e m is s ã o R a n d o m La s e r o b tid o s a p a r tir d e s o lu ç õ e s d e R h - B .

C o m d if e r e n te s c o n c e n tr a ç õ e s : (a ) 1,0×10−5 m o l/L ; (b ) 1,0×10−4 m o l/L e (c ) 1,0×10−3

m o l/L . A d e n s id a d e d e e s p a lh a d o r fi x a d a e m 3,0×109 p a r tíc u la s /cm3. A e n e rg ia d e

b o m b e a m e n to é 2,0 m J .

, Ê/Ë8ÌEÊyÊ�à4ÃOÊ/Å8ÐFÎ:Ê/ÑDÌEÈ ÃOÈ&É>Ê�Î:È+Ë/Ö�Ò�È+Ñ>Ë8Ì@Ä�Ì@ÄCÅzÌ@ÄCÎ.-OÜ�Î Ä ÐFÎ:ÃOÈCÅ8Ì@ÍCÑ>Ò�Ð�Ä ÉfÄCË|ÃfÄCÅ�ÌEäFÒ/Ô>Õ�ÄCË
Ê/ËEÃfÄCÕFØfÄ�É>È+Å@Ä�Ë�Ñ>ÈzËEÐFË8ÌEÊ/ÎjÄ4Ö ÃOÈ+ÐFËeÓ&ÔfÄCÑ>É>ÈzÊ�Ë8Ì�ÄCÎ~È+Ë�ÐFÑDÌEÊ/Å8Ê/ËEË@Ä�É>È+ËeÊ/Î¨Ì@ÅEÄ/-fÄCÕFØfÄ�ÅeÒ/È+Î Ò/ÈCÑ
Þ
Ò/Ê/Ñ�Ì@ÅEÄCÆ�0DÊ/ËKÉ>Ê~Ò�È+ÅEÄCÑDÌEÊ~ÉfÄ|È+Å8É>Ê�Î¬É>Ê é Ö�ã ×10−4 Î:È+Õ(å/1 È+Ô­Î:Ê/Ñ>ÈCÅ/Ö ÌEÊ/Î:È+ËKÓ&Ô>Ê~ÄCÑfÄCÕFÐFË@Ä�Å
È+Ë:Ã4ÅEÈ&Ò�Ê/ËEËEÈ+Ë~É>Ê�Å8Ê#ÄCÕFÐFÎ:Ê�ÑDÌ�Ä�Æ#ÇCÈ­É>È­ËEÐFË8ÌEÊ/ÎjÄyËEÊ�É>Ê�ËEÊ+2EÄCÅ8Î:È+Ë~Ô>ÎjÄ3- È+ÄyÊ�ßfÒ/Ð54�Ñ>Ò/Ð�ÄyÕ�ÄCËEÊ�Å/Ù
6 È+Å�Ì�ÄCÑ�Ì@È>Ö Ò/ÈCÎ¨Ê/Ë8Ì@ÄjÉ>Ê/Ñ>ËEÐFÉfÄ�É>ÊrÉ>ÊZÊ/ËEÃfÄCÕFØfÄ�É>È+ÅEÊ�ËBÈÝËEÐFË8ÌEÊ/ÎjÄjÑfÇ�ÈjÛ5È+Å8Ñ>Ê/Ò/ÊZÅEÊ/ÄCÕFÐFÎ:Ê�ÑDÌ�ÄCÆ/ÇCÈ
ËEÔ4ßfÒ/ÐFÊ�ÑDÌ@ÊBÃfÄCÅEÄrËEÊ�Ì@Ê�Å�Ô4ÎjÄrÊ�ßfÒ�Ð54/Ñ>Ò�Ð�ÄrÉ>ÊBÊ/Î:ÐFËEË@ÇCÈrÕ�ÄCËEÊ/ÅbË@Ä�ÌEÐFË8Û�Ä�Ì87+Å8Ð�ÄrÃfÄCÅEÄrÒ�È+Ñ>Ò�Ê/ÑDÌEÅ@ÄCÆ90&Ê�Ë
-fÄCÐ à>ÄCËoÉ>Ê�Ò�È+ÅEÄCÑDÌEÊ+Ù
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MON�P/Q5R5STPCUFV�WYXZU[N]\_^<N�`IR5UFN9acb$VdV�aZe_NFW$P/f5UFV�WYeZNFXZUg`IN�h�R5UFNieZNijk`$PCl�VdN�W8^mPCQ5nmP/UFN�a�b$V
^mP/`$PoXZUg`IN�h�R5UiNijkV�`Ib8N9UFN�acb8NFN�W8^mP/QpnmP/eZV�`9qrN�UgsLXZNtPoeZN9aZW8R5emP/eZNFeZVdUFN9R5VdN�W8^mP/Q5nmPCeZV�`Yu
eZNdv�qxw�y

×1012
^ZP/`Ib8f5l�XZQ�PCW{z

cm3
qrl9V�U

ls
emPoV�`IeZN�UgeZN}|Lq�~�y

µ
Ud�t��VLeZN9UFV�WYV��ZW8N�`)�/P/`�amP

� h�XZ`$P�w_��~�sLXZN�V�N9jkN9Rpb$V�eZV�eZN�W8Q5VLl�P/UFN�acb8V�eZV�N�W8^<N9l9b8`8V�eZN�N�UFR5W8W$�/V�^mP/`8P�V���N�`IUFN�Q5nZV
P/R5aZemP�N�WIb$��^Z`IN�W8N9acb$N/����P/W�P/h�V/`$P�PYR5a_�mXZ��aZl9R�P�emP�eZN�aZW8R5eZP/eZN�eZV�UFN9R5V�N9W8^mP/Q5nmP/eZV�`�b8V�`8amPJ�
W8N�U.XZRpb8VtN���R5eZN9acb$N/qm^<V�R5W�N9W8W$PFl�V/aZW8N�h�XZN�P/Qpb8N�`8P/`OeZN�jkV�`8UFPFW8R5h�aZR � l�PCb8Rp�/PtPCW�^Z`8V/^Z`8R5N9emP/eZN�W
eZN�N�UFR5W8W$�CV�emP�P/UFV�WIb8`$PCW�l9V�U�l�V/aZl�N�acb8`8P/���cN�W�UtP/R5W��mP/R�\ZPCW�����UtP UFN9eZR5emP sLXZN�l�V/aZl�`IN9b8R5STP
N�WIb$PtR5a_�mXZ�9aZl�R�PFu�VF�/P/Q5V�`�emP¢¡�£}¤�¥3q¦^mP/`8P}PFl�V/aZl�N9acb$`8P/�T�CV}eZN�UFN�aZV/`O�/P/Q5V�`9q¦l�XZ`)�/P�§¨P�©
Pª¡�£}¤�¥

≈ « qxydaZUdq¬^mPC`$P�Pol�XZ`)�/P­§k�¦©�b8N�UFV�W�Pª¡�£}¤�¥
≈ ® qxydaZU[Nt^mP/`8P�PdUtP/R5V�`

l�V�aZl9N�acb8`$PC�T�/V_qZl�XZ`)�/P�§klJ©�P¢¡�£¢¤�¥
≈
~ZqxyiaZUd�
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F ig u r a 8.4: E s p e c tr o s d e e m is s ã o R a n d o m La s e r o b tid o s a p a r tir d e s o lu ç õ e s d e R h - B .

C o m c o n c e n tr a ç õ e s d e : (a ) 1,0×10−5 m o l/L , (b ) 1,0×10−4 m o l/L e (c ) 1,0×10−3 m o l/L .

A e n e rg ia d e b o m b e a m e n to f o i m a n tid a c o n s ta n te (2 m J ), a d e n s id a d e d e e s p a lh a d o r e s

fi x a d a e m 1,8×1012 p a r tíc u la s /cm3.

��PC`$PtPteZN9aZW8R5emP/eZN�eZN}v/qxw
×1012

^mP/`)b8f5l�XZQ�P/W{z
cm3

q<Pt`INTP/Q5R5UFN9acb$P/�T�/VteZV}W8RpWIb$N9UtPtu�N�\L�
b$`IN�UtPCUFN�acb8NdP/Qpb$P_q�R5WIb8V�u/q�V�P/^Z`IVJ��N9Rpb{PCUFN�acb8V�eZPÝN9UFR5W8W$�/V�N9WIb8R5U.XZQ�P/emPªjkV�`8aZN9l�R5emP3^<N�Q�PCW
UFV�Q5u�l9XZQ�P/WFeZVÝl�V/`$P/acb8NÞb$V/`8amPJ�ßW8NoUtP/R5WiN � l9R5N�acb8NdeZN���R5eZV�P/V�P/XZUiN�acb8V�emP3eZN�aZW8R5emPCeZNdeZV
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íFî�ï5ð3î9ñ8òmó/ô5õmó/öZð/÷�øÝù�ó/÷8ó3ó/ñúó/íFð�ñIû8÷$óCñúü�ð�íþýmó/ï�ÿZóªü9ð��Zü9î��cû8÷$ó����/ðªöZîÞü9ð�÷8ó��cû8îÞðªíFî�üTó��	�
ï5ñ8íFð¢öZî.÷IîTóCô5ï5íFî��cû$ó����Cð�

�����ZöZó/íFî��cû$ó/ô�� ò<ð/ï5ñ î�ñIû8îúó��Zíiî��cû$ó}ð���ð�ô��Zíiî.öZî.ó/íFòZô5ï��müTó����/ð
�mó.ó/íFð�ñIû8÷8ó_ø����mó��ZöZð.ü9ð�íFòmó/÷8ó/íFð�ñ�î9ñIû$î9ñ�î�ÿ_ò<î9÷8ï5íFî��cû8ð�ñ�����î9÷8ï��mü�ó/íFð�ñ����Zî òmó/÷8ó.ó�ítóCï5ð�÷
ü�ð��Zü9î��cû8÷$ó����/ð�ö_î�ü�ð�÷8ó��cû8î�ð�î �kî�ïpû8ð�öZð ó��ZíFî��cû$ð�ömóOöZî��Zñ8ï5ömó/öZî öZî�î�ñ8òmóCô5õmó/öZð�÷Iî�ñ!�"�/ð óCôpû$î9÷$ó
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% ��û$÷Ið&� óCû8ð�÷ªöZî ñ'�ZíFó ï5íFò<ð�÷Iû$(��Zü9ï�ó&�mó ó��")/ô5ï5ñ8î­ömó î�íFï5ñ8ñ$�/ð+*-,.
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9ñ�öZîFòZ÷IðLü9î�ñ8ñ8ð�ñYöZîFî�íFï5ñ8ñ$�Cð�î9ñIû8ï5í8�	�
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F ig u r a 8.5: L a rg u r a d e lin h a d e e m is s ã o e m f u n ç ã o d a e n e rg ia d e b o m b e a m e n to . P a r a

a m o s tr a s c o m u m a m e s m a c o n c e n tr a ç ã o d e e s p a lh a d o r e s (ρ = 3, 0 × 109 p a r tíc u la s/cm3

e d if e r e n te s c o n c e n tr a ç õ e s d e c o r a n te : (a ) 1,0×10−5 m o l/L ; (b ) 1,0×10−4 m o l/L e (c )

1,0×10−3 m o l/L .

;�ð¢÷Iî�#�ï5íFî�öZî��k÷$ó/ü9ð¢î9ñ8òmó/ô5õmó/íFî��cû8ð�� ò<ð��Zü�ð�ñ î ��î���û$ð�ñ�öZî.î9ñ8òmó/ô5õmó/íFî��cû$ð}ñ$�/ð�#�î�÷8ó/öZð�ñ
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£�¤¦¥�£�§'¨�©D¥�¤�©-ª"«�¬'¤�­�®�¯�°�¤9±"¥�²�³�­�¥�´�«�£�ª�¤�£�®�²¦«�µ"«�¥·¶�«�©D¨�«�­�¥�²�¨�£�§$«�¯�°�¤¦ª�¤�¬'¥�¬D§$¨�²¦«9¸�¹!¤�ª�¨�²�¤�¬
¨�º	¥�ª�¨�£�´�¥x«�©<«�¨�»"´�¥�¼�£�´�¥x«¦ª�¨�¨�²�¥�¬'¬$°�¤¦­x«�¬'¨�©p£�¤�º�«�­�¤�©pª�«¦­x«�©D½�®�©'«¦ª�¨�­�¥�£�¾"«¦²�¨�¥x«�«�­�§$®�©'«¦ª�¤
¨�¬'³�¨�´ §$©D¤�¸À¿<«<»"½�®�©'«ÂÁ	¸?Ã	±7«�£"«�­�¥�¬$«�£�ª�¤Â«V«�²�¤�¬D§'©$«�´�¤�²Ä´�¤�£�´�¨�£�§'©'«�¯�°�¤Vª�¨�Å�±AÆ ×10−5 ²�¤�­ÈÇ�ÉÊ±
³Ë¨�©D´�¨�µ�¨�²�¤�¬-Ì�®�¨Í¤4¨�¬'³�¨�´�§'©'¤4ª�¨Â¨�²�¥�¬'¬$°�¤�ÎpÏÐ£"°�¤�«�³�©D¨�¬'¨�£7§b«W´�«�©$«�´ §$¨�©'Ñ�¬D§$¥�´�«�¬-­x«�¬'¨�©'¬�¸�ÒVµ	Ó
¬'¨�©�º�«�²�¤�¬Ô«�³�¨�£"«�¬Ô«<«�²�³�­�¥�»"´�«�¯�°�¤<ª"«-Õ"®�¤�©D¨�¬'´�¼�£�´�¥x«9±nÖ×«�§$¤<¤�µ�¬'¨�©�º�«�ª�¤<£"«ÂØ�Ù�ÚpÛÜÌ�®�¨u³"«�©'«
µ"«�¥·¶�«8¨�£�¨�©'½�¥x«8ª�¨Vµ�¤�²8µ�¨�«�²�¨�£�§'¤ÞÝ Epu m p ≈ 2µJ ß ¬'®"«�Ø
Ù�Ú<Û ≈ à�à ±AÆ8£�²á¸�âV®"«�£�ª�¤4«�®	Ó
²�¨�£�§$«�²�¤�¬<« Epu m p

±H´�¤�£�¬'¨�½�®9¥�²�¤�¬<©D¨�ª�®�ã�¥�©<«�­x«�©D½�®�©'«¦ª�¨�­�¥�£9¾"«9±H²¦«�¬p³"«�©'«�¨�¬D§$«�«�²�¤�¬D§$©'«
¨�¬D§$«Í©D¨�ª�®�¯�°�¤�£"°�¤
«�­�§$¨�©$«Âª�¨-Ö�¤�©D²¦«Í¬'¥�½�£�¥�»"´�«�§'¥�º�«�«�¬�³�©'¤�³�©D¥�¨�ª"«�ª�¨�¬�ª�¨-¨�²�¥�¬'¬$°�¤9±�Ø
Ù�Ú<Û ≈ä Æ9±AÆ4£�²á¸

¿<«�»"½�®�©$«VÁ9¸Aå9±7«�®�²�¨�£�§$«�²�¤�¬æ«�ª�¨�£�¬'¥�ª"«�ª�¨çª�¤V²�¨�¥�¤Â¨�¬'³"«�­�¾"«�ª�¤�©À³"«�©'«WÅ�±AÁ�Æ ×1012 cm−3

¨�º7¨�©'¥�»"´�«�²�¤�¬Ô²8®�ª"«�£�¯�«�¬Àµ"«�¬D§$«�£�§'¨�¬'¥�½�£�¥�»"´�«�§$¥�º�«�¬À£�¤�¨�¬'³�¨�´�§'©'¤�ª�¨ç¨�²�¥�¬'¬$°�¤�Î-ÏÀ±�³�¤�¥�¬Ô£�¨�¬D§$«
¬'¥�§$®"«�¯�°�¤p§$¨�²�¤�¬Ô®�²è²�¨�¥�¤<Ö�¤�©D§'¨�²�¨�£�§$¨u¨�¬'³"«�­�¾"«�ª�¤�©�±�½�¨�©'«�£�ª�¤<®�²¦«<©D¨�«�­�¥�²�¨�£�§b«�¯�°�¤<¨�»"´�¥�¨�£�§'¨
³"«�©$«-¤<¬'¥�¬D§$¨�²¦«9¸!éê¬D§'¤<¤�´�«�¬'¥�¤�£"«p©D¨�ª�®�¯�°�¤<£"«p­x«�©D½�®�©'«pª�¨u­�¥�£�¾"«	±�ëp²�¨�ª�¥�ª"«pÌ�®�¨u«�®�²�¨�£�§$«�²�¤�¬
«4¨�£�¨�©'½�¥x«8Ö×¤�©'£�¨�´�¥�ª"«�«�¤�²�¨�¥�¤�¸
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F ig u r a 8.6: L a rg u r a d e lin h a d e e m is s ã o e m f u n ç ã o d a e n e rg ia d e b o m b e a m e n to . P a r a

a m o s tr a s c o m u m a m e s m a c o n c e n tr a ç ã o d e e s p a lh a d o r e s (ρ = 3, 0 × 109 p a r tíc u la s/cm3

e d if e r e n te s c o n c e n tr a ç õ e s d e c o r a n te : (a ) 1,0×10−5 m o l/L ; (b ) 1,0×10−4 m o l/L e (c )

1,0×10−3 m o l/L .
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;=<.>?<A@CBEDGF:HJIGBE>LKMK:NOI?K:NC@CK&>1K&D6IGKMF:P0Q3R$P0>,IS<.Q3K&NOIGPATU<UQ3PUDV<UNW<UXEBED?<U>L<YIS<.Z$K&X[<3<UZW<.B]\JPC^
Re g im e d e e s p a lh a m e n t o

F r a c o F o r te

C (m o l/L ) lg (µm ) lam p (µm ) La(1) (µm ) lam p (µm ) La(2) (µm )

1,0×10−5 4067,0 1964,5 3402,6 80,3 140,0

1,0×10−4 406,7 621,2 1076,0 25,4 44,0

1,0×10−3 40,7 196,5 340,3 8,0 14,0

T a b e la 8.1: C é a c o n c e n tr a ç ã o m o la r d e r o d a m in a n a s o lu ç ã o , lg é o c o m p r im e n to d e

g a n h o , lam p c o m p r im e n to d e a m p lifi c a ç ã o e La c o m p r im e n to d e p e n e tr a ç ã o o u c o m p r i-

m e n to d if u s ivo d e a b s o r ç ã o .

_`<aIS<UZ$K:X[<cbJ^Ed0e
La f d7ghK La f�i ghD?jUPJe�>6K&DGR$K:F:IGBkTU<UQ3K:NOIGK0elP0DAF&PUQ3RC>GBEQ3K:NOI?PUDA@CKmR$K&NCK�nI?>G<Uopj.PcRW<U>G<qPUDA>GK:r0BEQ3K:DA@CKts�>G<UF:PcKus�P0>6IGKtK&DGRW<UXEvW<.Q3K&NOIGPC^w;=<U>?<aFp<.>?<UF�IGK&>6BExp<U>YK&D6IGKtDGBED,n

I?K:Qy<JezRC>6K&F:BED?<UQ3P0D3F&PUQ3RC>GK:K&NC@CK:>3P0D3RW<U>G{UQ3K:IG>6P0DyK:NOT)P0XkT|BE@CPUDyNCP}Q3K:Fp<UNCBEDGQ3P}@CK~>6K:IG>GP�n
<UXEBEQ3K&NOI?<Uo&jUPC^��`Q�RW<U>?{.Q3K:IG>GPq@CKtDGHCQy<aBEQ3R$P0>,IS{.NCF&B[<a�tPqF&P0Q3RC>6BEQ3K&NOIGPq@CKtr)<UNCvCPJe

lg@W<U@CP3R$P0>:�

lg =
la
3

(8.1)

P0NC@CK
la
�MP3F:P0Q3RC>6BEQ3K&NOIGP3@CK�<.ZCDGP0>6opjUPJ^

� F:P0Q3RC>6BEQ3K&NOIGP3@CK�<.Q3RCXEBk�WFp<Uo&jUP
lam p

�MK&DGF:>6BkI?P3F:P0Q3PC�

lam p =
1

3

√

ltla (8.2)

P0NC@CK
lt
�MP3F:P0Q3RC>6BEQ3K&NOIGP3@CK�IG>?<.NCDGR$P0>6IGK0^

� ZJDGK&>,TU<UNC@CP�<LI?<UZ$K:X[<`bJ^Ed0e�T)K&>6Bk�WF&<UQ3P0D��9HCK�P`F:P0Q3RC>6BEQ3K&NOIGP`@CK�r0<UNCvCP
lg
�ls�PU>6IGK&Q3K:NOI?K

@CK&R$K&NC@CK:NOIGK�@W<3F:P0NCF&K:NOIG>?<Uo&jUPy@CKMF&P0>G<UNOIGK0^z��K�<.F&P0>6@CPyF:P0Q��zHC>GBEN�KMF&P0X[<.Z$P0>G<U@CP0>6K&D�� i b��RW<U>?<q<UNW<.XEBED?<U>A<a@CK&R$K:NC@C�&NCF:B[<q@W<aBENOIGK&NCDGBE@W<U@CKt@CPqXEBEQ3B[<U>
Ith r

F:P0Q�<aF&PUNCF&K:NOI?>G<Uo&jUPq@CK
F&P0>G<UNOIGK

Cd y e
R$P9@CK&Q3PUD`<.DGDGHCQ3BE>L�9HCKU�

lg =
1

Cd y e

(8.3)

�9HCKMK&D6I?<A@CK�<.F&P0>6@CP3F&PUQ�NCP0DGDGP0DL>6K&DGHCXkI?<U@CP0D&eW<URC>6K&DGK:NOI?<U@CP0DLNW<YI?<UZ$K&X[<3b|^Ed0^
� P0Q�ZW<UDGKcNCP0D~>6K&DGHJXkIS<U@CPUD�<URC>6K&DGK:NOIS<.@CP0D~NW<UDt�Wr0HC>G<UD�bJ^���K�bJ^��|e�T0K&>6Bk�WFp<UQ3PUD~�9HCK

RW<U>?<�HCQ�>6K&r0BEQ3Ku@CKus�>G<UF:PqK&DGRW<.XEvW<UQ3K:NOI?Pq<aF&P0NJF&K&NOIG>G<Uopj.Pq@CKuF&P0>G<UNOIGKm<�s�K:I?<a@CKus�PU>GQy<
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«W¬U­6®S¬.¯O®?°t­G±E²0¯C±k³W´p¬�®?±kµ.¬c¬U­A¶C·G¸U¶C·G±E°:¹W¬U¹C°&­A¹C°m°:º3±E­G­?»U¸w¼V½�¾�¿�¬U·?¬aÀCº�·6°&²U±Eº3°m¹C°m¶$¸0ÀC´:¸0­
°&­G¶W¬UÁEÂW¬.º3°&¯O®G¸0­AÃ

ls ≥ 100µ
ºÅÄL¸ÅÆÇ¬.®G¸0·`¹C¸0º3±E¯W¬.¯O®?°�¯C¸u¶C·6¸9´&°:­G­G¸u¹C°Y¬.º3¶CÁE±k³W´p¬.Èp»U¸u¹C¬ÅÁEÀCÉ

Ê ¬h´:¸0¯C´&°:¯O®?·G¬UÈ&»U¸Y¹C°Ë´&¸0·G¬U¯O®G°0ÌWÍÎÃ�±E­6®G¸ Ê µ)°:·G±k³W´&¬U¹C¸YÏ9ÀW¬U¯C¹C¸A¬U¯W¬.ÁE±E­?¬Uº3¸0­1¬Y°:Ï9ÀW¬UÈ&»U¸3Ð|¾�Ñ0Ä�¾
ÍÎ´&¸0º3¶$°:¯C­?¬~¬tÆ�·?¬U´&¬m·G°&¬UÁE±Eº3°&¯O®?¬UÈ&»U¸~¹C¸~­G±E­6®G°&ºy¬m´&¸UºÒ¬~¬.Ák®S¬m¹C°&¯C­G±k¹W¬U¹C°3¹C°3º3¸0Á Ê ´&ÀCÁ[¬U­&¾
Ó ­G­G±Eº~Ì�´&¸Uº�ÀCºÔ¯OÕCº3°&·6¸}¹C°~º3¸UÁ Ê ´&ÀCÁ[¬.­3°&ÁE°:µ.¬U¹C¸}¯C¸}­G±E­6®G°&ºy¬|Ì�´&¸0¯C­G°:²0ÀC±Eº3¸0­y¬UÀCº3°:¯O®?¬U·
¬t®?¬�ÖC¬t¹C°3°:º3±E­G­?»U¸m°&­6®G±EºhÀCÁ[¬U¹W¬t¯C¸~±E¯O®G°&·6±E¸0·�¹W¬m¬Uº3¸0­6®G·G¬JÌ×´&¸0º3¶$°:¯C­?¬U¯C¹C¸~¬m«W¬.±]ÖC¬m·6°:®G·6¸.Ø
¬UÁE±Eº3°&¯O®?¬UÈ&»U¸C¾

¿=¬.·?¬�¬.¯W¬UÁE±E­?¬U·�¸�´&¸Uº3¶$¸0·6®?¬Uº3°:¯O®?¸M¹C¸�ÁE±Eº3±[¬U·�Á[¬U­G°&·ÙÆ�·G°:¯O®?°VÚ�µU¬U·6±[¬UÈ&»U¸�¹W¬M´:¸0¯C´:°&¯O®G·?¬UÈ&»U¸
¹C°�´:¸0·G¬U¯O®G°0ÌËÀJ®G±EÁE±EÉp¬Uº3¸U­�¸Ûº Ê ®G¸9¹C¸Û¶C·G¸0¶$¸U­6®?¸Û¶$¸0·mÜl¬U¯ÞÝ|¸O°&­6®wßkà7á7âãÌ�Ï9ÀJ° Ê ÆÇ¬UÉ:°&·~ÀCºy¬
µU¬U·6·G°:¹CÀC·?¬m¹C¸~°&­6®G·6°&±k®?¬Uº3°:¯O®?¸~°&­G¶$°:´:®G·?¬.Á�°:ºäÆ�ÀC¯CÈ&»U¸~¹W¬måWÀCæ:¯C´&±[¬m¹C°3«$¸0ºh«$°&¬Uº3°&¯)®?¸C¾yç�¬
³W²0ÀC·?¬YÐJ¾�è|ÌJº3¸U­6®?·G¬Uº3¸0­LéëêíìËîaÄ�¹C°�°:º3±E­G­?»U¸A°:ºïÆ�ÀC¯CÈp».¸A¹W¬håWÀCæ:¯C´&±[¬h¹C°�«$¸0ºh«$°&¬Uº3°&¯)®?¸C¾
Ó ¶W¬.·6®G±E·:Ì×¹C°&­6®G°&­�¹W¬U¹C¸0­�¹C°:³W¯C±Eº3¸U­M¸mÁE±Eº3±[¬U·�Á[¬U­G°:·�´&¸Uº3¸~­G°:¯C¹C¸~¸m¶$¸0¯O®G¸m¹C°A±E¯JåW°�ÖC».¸~¹W¬
´&ÀC·,µU¬Åð:ñkòUóyô.ñÇõ)öU÷�Ï9ÀC°M¬7ø6ÀC­6®S¬Y¸0­L¶ù¸U¯O®?¸U­&¾
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F ig u r a 8.7: G r á fi c o s e m i- lo g d a F W H M e m f u n ç ã o d a fl u ê n c ia d e b o m b e a m e n to p a r a

u m a a m o s tr a n a c o n c e n tr a ç ã o d e 1,0×10−4 m o l/L . A d e n s id a d e d o m e io e s p a lh a d o r é

3,06×1011cm−3. O s p o n to s e x p e r im e n ta is (•) s ã o a ju s ta d o s p o r u m a c u rva s ig m o id a l

(lin h a ve r m e lh a ), e o lim ia r é d e te r m in a d o p e lo p o n to d e in fl e x ã o d a c u rva .
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SUT"VXWJY[Z\T^]$_`]ba�Tdc[ZPe�fge+h�i\TdjMkJflk^monojMnpTdZlmpTdfge+Z'qGr.s$tgu\v�sXw xzyX{|e+j~}�Ybh[���dk^�XT���kdh[��e+h�i\ZgTd��� k
jMkJmpTdZ'�[k���kJZgTdh�igeJ_'S'e�fPige�e��bc@e�ZPnojMe�h�igk[a@Ybignomono��TdjMkJfU�[YXTdfU�[e�h[fgno�XT �[e�fU�[e�e+fgcXTdmo�XTd�[kJZPe�f��
Y[j�T���kdh[��e�h�i\ZgTd��� k�ig�oc[no��TbabYbignomono��Td�[T�hXT�WJZgTdh[�[e�j�TdnokJZPnpT��[kJfKe��bc@e�ZPnojMe�h�igkJfK�[e���� �@y�w �
����v�uCt�q

ρ = 3 × 1011cm−3
{�e�kJYbi\ZgT�hRY[j�Zge+WJnojMe�}6kJZGige�jMe�h�ige�e+fgcXTdmo�XTd�[kJZ+a)�+kJj

ρ =

2 × 1012cm−3
a
lt ≈ 5µm

_��"�[fge�ZG�dT(��fge��RY[e�k monojMnpT ZU�[nojMnohRY[n4jMkJh[k i\kJhbno��TdjMe+h�i\e��+kJj¡k
TdY[jMe�h�igk¢�XT���kdh[��e+h�i\ZgTd��� k¢�[e¤£��$�¦¥§T(i\¨¤T��+kJh[��e+h�igZ\Td���dk¢j�©(�bnzj�T¢�bk¢��kJZgTdh�ige^Ybignomono��Td�[k
h[kJf�eC�$c@e�ZPnojMe�h�igkJf�a«ª­¬

1, 0 × 10−3
jMkdm2®d¯°_²±lj³��kJh[�+e�h�igZgTd��´Re+f�j�TdnokdZge+f��[e ��kJZgTdh�igeJa

Tµe+VX�+no¶�h[�+npTµ�RYX·dh�igno��T¸�[e¹e�jMnofgf\� kµi\kdZghXT��¦fge jºY[nzigk»�XTdn¼�[Tµc@kdZ���TdY[f\Tµ�[kJf�c[ZPkR��e+fgfgkJf��[e
�[nojMe�ZPno��Td���dk¹�XTdf^jMkJmo¨+��Y[mpT f^�[e���kJZgTdh�ige¾½À¿dÁdÂÃ_º�­T Y[jMe�h�igk¾�XT �[e�h[fgno�[Td�[e��[e¢cXTdZGig�o��Y[mpTdf
hXT�fgkJmoY[��� k�i�T jº�@¨�jÄT }6eCi�T�k'monojMnpTdZÅmpTdfge+Z�a�}�Td��e+h[�[k'��kdjÆ�RY[e«k'jMe�fgjMk�fgkd}6Z\T�Y[j�T�ZPe+�[Y[���dk[_
±°h�i\ZPe+i\Tdh�igk[abnofPi\k¢fgÇ¢¨^e+�$no�[e+h[��npTd�[k¢fgnoWJh[nzV[��T ignz�dTdjMe+h�i\e^e+jÈfgkdmoY[��´Re+f��+kJjÈ�+kJh[��e+h�igZ\Td�+´Re�f
�XT�kJZP�[e�jÉ�[e

5, 0 × 10−5
j¢kJm2®d¯°aÊe+jÉ��kJh[�+e�h�igZgTd��´Re+fUj�TdnokJZPe+f"c[ZgT igno��T jMe�h�ige�hX� k�eC�bnofPige

�[nz}6e�ZPe�h[��T�h[kJfK�dTdmokJZPe�f��[e^monojMnpTdZ+_

Ë�Ì Ë Í Ì Ë�Î�Ï�Ë¦Ð Ñ Ò�Ì Ë�Î�ÏÃË�Ð Ñ Ó�Ì Ë¦Î�Ï�Ë�Ð Ñ Ï�Ì ÔGÎ�ÏÃË�Ð Õ
Ë�Ì Ï

Ë�Ì Ô

Ë�Ì Í

Ë�Ì Ö

Ë�Ì ×

Ë�Ì Ò

ØÙ ÚÙ ÛÜ
Ý Û
ÞßÜ
à Ú
áâ

ãKäæå$ç�èéå�êÃë6ìXí�î[ä ïÊè�ð�ñRòGóõô�öMäæ÷ ø¦ùbú

ûzüJýû2þ(ý

F ig u r a 8.8: D e p e n d ê n c ia d o lim ia r la s e r c o m a c o n c e n tr a ç ã o d e r o d a m in a B . A d e n s id a d e

d o m e io e s p a lh a d o r é ig u a l a 3×1011 cm−3 (a ) e 2×1012 cm−3 (b ).

ªÿkJj �XTdfge¹h[kJf¢ZPe�fgY[mzi\Td�[kJfMTdcbZge+fge�h�i\Td�[kJf�a°c@kR�[e�jMkJf¢e+fPi�T �@e�moe+��e�Z�Y[j�T»�+kJh[�[no��� k �[e
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������ "!�#$�� &%('�%*)+%(,.-+ "-�/+��01%(�2/3%�0(4�5�06��-+��,*7"8$��):9�;�%�7<'�%*)+=*0���/>)�,(/>,�)�#�%@?A-+�B01%* "-DCE &FGC	��7<#�%
8$,�)>%BH$�I0�,�#J/>%*)K,L-+ "-�/>��01%NMPORQ�ST-+-+ "0VU�/>��0�,�-W%X7" "4���)�H�%*H$�IH$��0�,�H$ Y���G%�)W%X��,�#$����#J/>)+%*Z�[*,
H$�X��,�)+%*#J/+�X,�;\%]H$��#$-+ "H�%*H$�XH$,.0��� ",.��-+'�%�7"8�%*H$,�)�U$��,�0^,. "#J/+;$ Y/>,.H$�X,*/+ "0� "_�%*)I%]��0� "-+->[*,
MI`*a�bJc�deOf`�gGh�i�Q

8.1.2 Efe it o s d a v a r ia ç ã o d a d e n s id a d e d e e s p a lh a d o r e s n o lim ia r

la s e r

j %�)>%k��-�/+;$H�%*)�,k��,�0�'�,�)�/>%*0���#	/>,NH$,k7" "0� &%*)W7&%*-+��)WH$�T0��� ",�-���-+'�%�7"8�%*H$,�)���-���,�0ml	%*#$8$,
n gGo>`*pqprh�itsua�vwv	`*suaxd1h>b*sy`�z|{~}W����)��G%�7" "_G%*0�,*-�;$0���-�/+;$H$,�H$��/>%*7"8�%*H�,�H�%� "#���;$!�#$�� &%�H�%
H$��#$-+ "H�%*H$��H$����-+'�%�7"8�%*H$,�)���-]#�%���0� "-+->[�,�/+ "'�,�7&%*-+��)(H$��-+-+��-]-+ "-�/+��01%*-�Q�S2#�%�7" "->%*0�,�-];$0
��,�#@��;$#J/+,�H��L�� "#$��,�%*0�,�-�/+)+%*- n C	��):/>%*4���7&%��EQ����tU$�X'�%*)+%.��%*H�%];$01%.H$��7&%*-I��-�/>;$H�%�#$H$,�H$��#E?
-+ "H�%*H$��-�H$�\'�%*)�/+�"��;$7&%*- n C	��)./3%�4���7&%w��Q"���tQ�S�H$��'���#$H$!�#$�� &%�H�%� "#J/+��#$-+ "H�%�H$�VH$�\'$ "��,�H$�
��0� "-+->[*, n Ip

�R��,�0m%LH$��#$-+ "H�%*H$�PH$�P'�%�)�/+�"��;$7&%�- n ρ �R5P0�,�-�/+)>%*H�%L#�%X�$l�;$)>%k�EQ���Q��B4$-+��)�C�%@?A-+�
9�;$�k% Ip

C*%* �%*;$0���#J/>%*#$H$,1%�/+5L;$0�'�,�#J/+,�01F@�� "0�,�4���0�H$����#$ "H$,$U�%�'� �-P��-�/>�L'�,�#J/+,|% Ip-+,*¡¢)+�X;$0^H$����)�5�-+�� "0�,1£.0���H$ "H�%.9�;$�k%*;�0���#J/>% ρ Q
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ÀEÁGÂ>ÃtÄ Å�ÆtÅ�Á~Å�ÁKÇtÆ�ÈÊÉ"Ë Ì>Í�Î Æ�ÃfÏ�Ì>Ð�Ñ Ò"Ó

F ig u r a 8.9: E m is s ã o d e in te n s id a d e d e p ic o p a r a u m a s o lu ç ã o d e R h - B d ilu íd a e m m e ta n o l

c o m p a r tíc u la s e s p a lh a d o r a s d e TiO2. A c o n c e n tr a ç ã o d e R h - B é 1×10−4 m o l/L e d e n s i-

d a d e d e e s p a lh a d o r e s é 3×1011cm−3. A e n e rg ia d e b o m b e a m e n to f o i d e 2 m J .
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á�â�ã$ä�å�æJç+è�æ�â�é"æJç+å�æ$ê+é"ë�â�ë$åíì�è�ë$åíê+å�î]åtï�ì$ð"é"ñ�â*ë$è�ñ�è*äóò�â�ê+åíæ$è�ê]ì$î�è�ñ�å�ê+ê+è�ê]ë$å�â�ä]ô
ì$ð"éYõ�ñGâ*ö�÷*èíë�âíå�ä�é"ê+ê>÷*èíå�ê�ç+é"ä(ã$ð&â*ë�âEøNùúè�î�ç>â*æJç+è$û<ñ�è�äüèVâ�ã$ä�å�æJç+èíë�âíë$å�æ$ê+é"ë�â*ë$å]ë$èíä�å�é"è
å�ê+ì�â*ð"ý�â�ë$è�îXâ*ã$ä�å�æJç3â*ä�è*êBç>â*ä(ò�þ�äÿâíî�åGâ*ð"é"ä�å�æJç3â�öG÷*èíë$è�ê+é"ê�ç+å�ä�â���ã$å]þ.î�å�â*ð"é��Gâ*ë�â�ì�å�ð&â�ê
ì�â*î�ç��"ñ�ã$ð&â*êXå�ê+ì�â*ð"ý�â�ë$è�î>â�ê�û�ì�è�é"êLâ*êXä�å�ê+ä1â�êkâ�ì$î+é"ê+é"è�æ$â*ä â�ð"ã�����å�î+â*ë�âíì�è�îXì�î+è�ñ�å�ê+ê+è�êXë$å
å�ä�é"ê+ê>÷*èNå�ê�ç+é"ä(ã$ð&â*ë�âkæ$è(é"æJç+å�î�é"è�î�ë�âNê+è*ð"ã$öG÷*è�ø
	Tê+ê+é"äVûEè(â*ã$ä�å�æJç+èNë�â

Ip

å�ê�ç��Nî�å�ð&â�ñ�é"è�æ�â�ë$è
ñ�è�ä èwâ*ñ�î+þ�ê+ñ�é"ä�è�ë$åVå�ê+ì�â*ð"ý$â*ë$è�î�å�ê1æ$è�ä�å�éYè$ûDä1â*ê�å�ê+ê>â�î+å�ð&â*öG÷�è�ê�
�þ���â*ð"é"ë�â�â�ç>þVã$ä1â
ë$å�ç+å�î�ä�é"æ�â*ë�â.ë$å�æ$ê+é"ë�â*ë$åLë$åXì�â*î�ç��"ñ�ã$ð&â*ê�û���ã$åLæ$å�ê�ç>åXñGâ*ê+è�þ

ρ = 3, 0 × 1011cm−3
ø

� ê�ç>âLë$å�æ$ê+é"ë$â*ë$åPþTâ���ã$å��yè*î+æ$å�ñ�åTâLä1â�é"è�îWå�õ�ñ�é���æ$ñ�é&âLë$åPå�ä�é"ê+ê>÷*èkì�â*î+âLèkê+é"ê�ç+å�ä1â�ûJä1â*ê
å�ð&â��*â�î+é&âíñ�è�ä âíñ�è*æ$ñ�å�æJç+î+â*öG÷�è�ä�è�ð&â*îBë$è�ñ�è�î+â*æJç+å.å.ñ�è�äÿèíç+é"ì�è�ë$å.ê+è�ð��	å�æJç>å]ã�ç+é"ð"é��Gâ*ë$è$ø
ùúè�î�ç3â*æ	ç>è$ûEì�â*î+â]ñ�â*ë�â(ñ�è*æ$ñ�å�æJç+î+â*öG÷�è.ë$åBñ�è�î+â*æJç+å2ç>å�ä�è�ê:ã$ä1â]ë$å�æ$ê+é"ë�â*ë$åBë$åBå�ê+ì�â*ð"ý�â*ë$è�î�å�ê
��ã$å��¢è�î�æ$å�ñ�åLã$ä1â.ä1â*é"è*îIå�õ�ñ�é���æ$ñ�é&â.ë$åLå�ä�é"ê+ê>÷*è$ø

á ë$å�ñ�î�þ�ê+ñ�é"ä�èXë�â
Ip

å�ê�ç��Bî+å�ð&â*ñ�é"è�æ�â*ë$èXñ�è�ä ñ�è*ä�ì$î+é"ä�å�æJç>èBë$åIâ*ò$ê+è*î+ö�÷*èXë$é��¢ã$ê+é��	è��
La � ûì è*é"êLñ�è�ä èVâ*ã�ä�å�æJç+èVë$â�ë$å�æ$ê+é"ë�â*ë$å.ë$è�êXå�ê+ì�â�ð"ý�â*ë$è�î�å�êLâ�ì$î�è��¢ã$æ$ë$é"ë�â�ë$å�ë$â�ì�å�æ$å�ç+î>â�öG÷*è

ë$è�ê���
*ç>è*æ$ê�æ�â�ê+è�ð"ã$öG÷�è��*â*é�ë$é"ä�é"æ�ã$é"æ$ë�è�ë$å��Eé"ë$è�â�è��yâ�ç+è ��ã$åVè�ä�å�é"è��*â*é�ê+å�ç+è�î�æ�â*æ$ë$è
ä1â*é"êXë$å�æ$ê+è�ñ�è*ä èVâ*ã$ä�å�æJç+è�ë$è�æ"!$ä�å�î�è�ë$å.å�ê+ì�â*ð"ý�â�ë$è�î�å�ê�ø.áBêXì�â*î�#*ä�å�ç>î�è�ê

lt
å

la
ê>÷�è

�yè*î�ç+å�ä�å�æJç+åkë$å�ì�å�æ$ë$å�æJç+å�êPë�â�ë$å�æ$ê+é"ë�â*ë$åkë$è1ä.å�é"è1å�ê+ì$â*ð"ý�â*ë$è�î�û�ë$å$�Eé"ë$è|â*è��yâ@ç>è%��ã$åLå�ê+ê+å�ê
ì�â*î�#�ä�å�ç+î+è*êTå�ê�ç>÷*è1é"æJç>é"ä�â*ä�å�æJç+åkð"é��	â*ë$è*ê'&*êTñ�è�æ$ë$é"ö�(�å�êPë$è|ä�å�é"è$ø�ùúè�îPå�ïEå�ä�ì$ð"è�)*��ã�â*æ$ë$è
ý+��ã$ä�â*ñ�î+þ�ê+ñ�é"ä�è�æ�â.ë$å�æ$ê+é"ë�â*ë$åLë$åLì�â*î�ç��"ñ�ã$ð&â*ê�û

lt
ë$é"ä�é"æ�ã$é åLé"ê�ç>è��yâ,��è�î�å�ñ�åXè�êPå$�¢å�éYç+è�êIë$å

â*ò$ê+è�î�öG÷*è�ë$å���
*ç+è�æ$êPæ$è�ä�å�é"è$û�î�å�ë$ã���é"æ$ë$è�è��	è*ð"ã$ä�åLò è*ä(ò�åGâ*ë$è�û�è%�Jã�â*ð�î�å�ê+ã$ðYç>â�å�ä�ã$ä1â
ä�å�æ$è�î.â*ä�ì$ð"éYõ�ñ�â*öG÷�è$ø�áBê.å��¢å�éYç>è*ê.ë$å�ê+ã$ì�å�î-���"ñ�é"å�ê>÷*è�æ$å���ð"é���å�æ$ñ�é.�,��å�é"ê�û�ì è*î���ã$åíæ�÷*è�ç���ä
ã$ä�ì�â*ì�å�ð�é"ä�ì�è�î�ç>â*æJç>åLæ$å�ê�ç+å�êTê+é"ê�ç+å�ä�â*ê�û�ì�å�ð"è��yâ�ç+è%��ã$åkê+è�ä.å�æJç+å

∼ 2 o/o

ë�â�êTä.è�ð"þ�ñ�ã$ð&â*ê
ë$å\ñ�è�î+â*æJç>åVì�è�ë$å�ä ê+å�î1ë�é"ê�ç>î�é"ò$ã��"ë�â*ê1æ�â�ê1ê+ã$ì�å�î/���"ñ�é"å�ê1ë�â*ê�ì�â*î�ç��"ñ�ã$ð&â*ê�ø0	2ð"þ�ä ë$é"ê+ê+è$ûDè�ê
î+å�ê+ã$ðYç3â�ë$è�êIë$å�	2ý$ä�å�ëVåXñ�è�ð&â*ò�è�î+â*ë$è�î�å�ê�1325476§û�ä�è�ê�ç+î>â*ä8��ã$åXæ�÷*è.ý+�.æ$å�æ$ý�ã$ä1â]é"æJç>å�î>â�öG÷*è
å�æJç+î+åLâ*êIä�è�ð"þ�ñ�ã$ð&â*êIë$åLñ�è�î+â*æJç+åLåLè�ä�å�é"è�å�ê+ì�â�ð"ý�â*ë$è�î�ø
	 ë�å�ì�å�æ$ë���æ$ñ�é&â�ë�â ð&â*î��*ã$î>â ë$å�å�ä�é"ê+ê>÷�è�ñ�è�ä�è�ñ�è�æ$ñ�å�æJç+î>â�öG÷*è�ë$å�å�ê+ì�â�ð"ý�â*ë$è�î�å�ê�þ

ä�è�ê�ç>î+â*ë�âLæ�âLõ+��ã$î+â:9�ø�;,<�û�å�ä=��ã$åTì�èJë$å�ä�è�ê�è*ò$ê+å�î/�*â*î>��ã$åTâkð&â*î-��ã$î+âkë$åPð"é"æ$ý�âkê+è��¢î�åTã$ä1â
î+å�ë$ã$öG÷*è�å�ä^ê+å�ã?�*â�ð"è�î@&.ä�å�ë$é"ë�â.å�äA�Jã$åkâ*ã$ä�å�æJç3â*ä.è�êPâ.ë$å�æ$ê+é"ë�â�ë$åLë$åLì�â*î�ç��"ñ�ã$ð&â*ê�ø

á�ë$å�ñ�î�þ�ê+ñ�é"ä�èIë�â�ð&â*î-��ã$î+â�ë$å�ðYé"æ$ý�â�ñ�è�ä�èB�yã�æ$öG÷*èIë�â:ë$å�æ$ê+é"ë�â*ë$åKë$å�ì�â*î�ç��"ñ�ã$ð&â*ê�þKë$å��Eé"ë$è
&*êkð"è�æ��	â�êLç>î+âDC�å�ç�
�î�é&â*êkì�å�î�ñ�è�î+î�é"ë�â*êkì�å�ð"è�ê���
*ç+è�æ$êkë$å�æJç+î�è\ë$è\ä�å�é"è\ë$å��	â*æ$ý$è$ûfè�ñ�è*î+î�å�æ$ë$è
ã$ä1â�â*ä�ì$ð"éYõ�ñGâ�öG÷*è�ä1â*é"ê��¢è�î�ç>å*û2ë$å$�Eé"ë$èE&�å�ä�é"ê+ê>÷*è�å�ê�ç+é"ä(ã$ð&â*ë�â�øeùRâ�î>â�ë$å�æ$ê+é"ë�â*ë$å�ê�ë$å
ì�â*î�ç��"ñ�ã$ð&â*êkä1â�é"è�î+å�êF��ã$å%GEûH<

×1011cm−3
ûfã$ä ê+ã�ç>é"ð�â*ã$ä�å�æJç>èVë�â�ð&â*î��*ã$î>â�ë$å�ð"é"æ$ý�â�ì�è�ë$å

ê+å�îIè*ò$ê+å�î/�*â*ë$è�ø
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F ig u r a 8.10: L a rg u r a d e lin h a d e e m is s ã o e m f u n ç ã o d a d e n s id a d e d e p a r tíc u la s . M e io

e s p a lh a d o r T iO2
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F ig u r a 8.11: C o m p r im e n to d e o n d a d o p ic o d e e m is s ã o e m f u n ç ã o d a d e n s id a d e d e

p a r tíc u la s . A c o n c e n tr a ç ã o d e R h - B é 1,0×10−4 m o l/L e d e n s id a d e d e e s p a lh a d o r e s é

3,0×1011cm−3. A e n e rg ia d e b o m b e io f o i d e 2 m J .

"�#%$'&)(+*-,.#�$0/21�3	425-/61�3�798:/61�3�;65-<>=%$@?.,A#%<>=+$B#9C-8�DE8GF-C-H�F-IGJK#9C)#>LNMPORQSI�=%<T#VU)*-HGF2W
I�JK#XC-8ZY�=%<VYE8�#%<>8GF[?A=\D)#�,.#XC-J^]�8�,@$.#%$_I�=+F-IG8�F[?A,A#%`�a[8�$bC-8ZIG=+,.#�F[?.8%5B&6c6#%F-C-=d#�$bI�=%F-I�8GF2W
?.,A#%`�a[8�$VC-8eI�=%,.#�F[?.8e8f]%#%,@JK#%F-C-=Z#gC-8�F6$AJ�C)#%C-8_C6=Z<>8�J�=g8�$AD)#�h�i)#%C-=+,j8�<lk>765nm

×109cm−3
5

3+5�o
×1010cm−3

5p765nm
×1011cm−3

8q3+5n/
×1012cm−3

1r"�#s&)(+*-,A#t/21�3	4u#uI�=%F-I�8�F[?A,A#%`�v�=qC-8
I�=+,A#%F[?A8uws&6c-#%C)#\8�< 3+5nm

×10−5
<>=+hyx%z{5
F)#|&)(+*-,A#d/61�3�7\wd3+5nm

×10−4
<}=+hyx%z~1
��#%,A#d#

&)(+*-,.#}/61�3�;}&6c-#�<>=+$B8�<S3+5nm
×10−3

<>=+hyx�z~1
� J�F[?A*-J^?.=:C-8G$@?�#�$�<>8GC-J�C)#%$�wB<>=%$@?.,A#%,~�[*-80#%$�D-,@=+D-,@J�8�C)#�C-8�$~C-8B8�<>J�$A$.v%=:$.v%=�#%h^?A8�,A#%C)#%$

C-8j��=%,A<f#f$AJ�(+F-J^&)I�#�?.J^]�#f��,@8�F[?A8V�f]%#%,@JK#%`�v%=eC)#eC-8GF-$AJ�C)#%C-8jC-=_<>8GJ�=_8G$AD)#%h�i)#%C-=%,�5EJ�F-C-8�DE8GF2W
C-8�F[?A8�C)#qIG=+F-IG8�F[?A,.#%`�v%=q<>=+hK#�,>C-=tIG=+,A#%F[?A8+1r��IGhK#%,A=q��*-8�=qY)#%hK#%F-`G=q8�F[?A,A8�8G$@?.8G$fC-=+J�$
D)#%,.��<>8G?A,A=%$���C-8�F-$AJ�C)#�C-8BC-80D-#%,@?A��I�*-hK#�$�8BIG=+F-I�8GF[?.,A#%`�v%=:C-8BI�=+,A#%F[?A8	��]�#%J6?.=+,@F)#%,~=:$AJ�$@?A8�<f#
<f#%J�$B=+*�<>8�F-=%$08�&)I�J�8GF[?.8%1
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F ig u r a 8.12: D e p e n d ê n c ia d a F W H M c o m a fl u ê n c ia d e b o m b e a m e n to p a r a c o n c e n tr a ç ã o

d e c o r a n te d e 1,0×10−5 m o l/L . E m o s tr a m o s c o m c o n c e n tr a ç õ e s d e e s p a lh a d o r e s d e

3,0×109cm−3 (N), 1,5×1010cm−3 (♦), 3,0×1011cm−3 (H), 1,8×1012cm−3 (F)

ÝRÞ6ßAà�á�â%ã%ä>å+ß
æ-àGßAß.ã%ß'ç)è+é-áAã%ß
ê�é-à:ãVë-à�æ-ßAì�ë)ã%ë-àRë-å}ä>à�ì�å}àGßAí)ã%î�ï)ã%ë-å%á
ðñé-äòí)ã�á.ó%ä}àGôAáAå
ë-à}è+áAã%æ-ë-à9ì�æ6õ)é-ö�æ-÷GìKãbæ)ã_ë-àGôAà�á@ä>ì�æ)ã%ø�ù%ålë)ãûújüeý�þsÿ íEå%ì�ß � ä>à�ë-ì^ë)ãbê�é-à9ð>ã%é-ä>àGæ[ô.ã%ë)ã
ãuë-àGæ-ßAì�ë)ã%ë-àlë-åuä>à�ì�åuà�ßAí)ã�î�ï)ã%ë-å+á9â%ã�ì��©ßAàlë-ì�ä}ì�æ�é-ì�æ-ë-åqãXújüeý�þ����~à�á@ì^ç)÷�ã��«ßAàbô�ã%äVÞ ð�ä
ê�é-à9í)ã%áAã_à�æ-à�á@è+ìKã�ßñë-à9ÞEå+äVÞ à�ã%ä>àGæ[ô.ålã%÷Gì�äfã_ë-à
	��2ÿ�
_ä��bãûújüeý�þ ô.àGæ-ë-à}ã_é-ä â%ã%î�å+á
÷�å+æ-ß@ô.ã%æ[ôAà:í)ã�á.ã>ã}äfã�ì�å+áAìKã9ë)ã%ßBßAå+î�é-ø���àGß��
� á@à�ë-é-ø�ù%åBë)ã
îKã%á@è+é-áAãBë-à~î�ì^æ-ï)ãBå[÷�å+á@áAà{í�å%áAê�é6à~÷�å+ä å0ã%é-ä>à�æ�ô.åBë)ã
ë-à�æ-ß@ì�ë)ã%ë-à~ë-åBä>à�ì�å

ë-ì�ä>ì�æ�é-ì��«ßAà>å�î�ì^â2á@à>÷�ã�ä>ì�æ-ï-å�ä>ð�ë-ì�å�ë6å+ß����%ô.å%æ-ß�ë-àGæ[ôAáAå�ë)ãlßAå%î�é-ø�ù%å6ÿN÷�å%æ-ßAà�ê�é-àGæ[ô.àGä>à�æ[ôAà
ã%é-ä>à�æ[ô.ã%æ-ë-åbå+ßRä��-î^ô.ì�í6î�å+ßñàGßAí)ã%î�ï)ã%ä>àGæ[ô.å%ßñë-àGæ[ô.á@åbë-ålä>àGì�å-ÿ ë-àGßAß.ã���å%áAäfãbãbî�é��}ð9äfã�ì�ß
ë-ì���é-æ-ë-ì�ë)ã}à:å+ßBí-á@å�÷�àGßAßAå+ßBë-à�ã%ä>í6î�ì^ç)÷�ã%ø�ù%å}ôAå+á@æ)ã%ä��«ßAà:äfã%ì�ß0ã�ôAì^â�å+ß��
� á@à�îKã%ø�ù%ådà�æ[ôAá@àsõ)é-ö�æ-÷GìKãdë-àuÞEå+äVÞ à�ã%ä>àGæ[ô.ådàuà�ßAíEàG÷GôAá@å ë-àuàGä>ì�ßAß.ù%ådë-å �"!{ÿ
æ-å%ß

� å%áAæ-àG÷�àVãeì�æ#� å%áAäfã�ø�ù%åeßAå+Þ-á@àVåeî�ì�ä>ìKã%á�îKã%ßAàGá�ë-à�ßAßAàGß�ßAì�ß@ôAà�äfã%ß�� � ßAßAì�älÿ�í)ã%áAãf÷�ã%áAã%÷�ô.àGáAì$��ã%á
å>î�ì�ä>ìKã%á
ë-àñßAì�ß@ôAà�äfã�ßBà�ßAí)ã�î�ï)ã%ë-å+á@à�ß
÷�å+äòè�ã%æ-ï-å-ÿ6æ-à�÷�àGßAßAì^ô.ã%ä>å+ßBë-àñ÷Gå+ä>í-á@à�à�æ-ë6à�á
÷�å%ä>å>ð
ã>á@à�îKã%ø�ù%åfàGæ[ôAáAà�ã>ë-àGæ-ßAì�ë)ã%ë-à:ë-à�àGßAí)ã%î�ï)ã%ë-å%áAàGß0àjã}÷�å%æ-÷�à�æ�ô.áAã%ø�ù�åfë-à:÷�å%á.ã%æ[ôAà+ÿ-íEå+ì�ß0à�ß@ôAàGß
à�ß@ô.ù%ågã%ßAßAå�÷GìKã%ë-å+ßjã�ë-é)ã%ß�è+áAã%æ-ë-à%��ã%ß�ä>ì�÷GáAå%ßA÷��+í-ì�÷�ã%ß�ê�é-àfß.ù%å-ÿNáAàGßAí�àG÷GôAì^â%ã�ä>à�æ[ôAà+ÿÓåûî�ì^â2á@à
÷�ã%ä>ì�æ-ï-å>ä}ð�ë-ì�å>ë-àñôAáAã%æ-ßAíEå+á�ô.à
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à:å>÷Gå+ä>í-á@ì�ä>à�æ[ôAå>ë-à�ã�Þ-ßAå+áAø�ù%å
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F ig u r a 8.13: D e p e n d ê n c ia d a F W H M c o m a fl u ê n c ia d e b o m b e a m e n to p a r a c o n c e n tr a ç ã o

d e c o r a n te d e 1,0×10−4 m o l/L . E m o s tr a m o s c o m c o n c e n tr a ç õ e s d e e s p a lh a d o r e s d e

3,0×109cm−3 (N), 1,5×1010cm−3 (♦), 3,0×1011cm−3 (H), 1,8×1012cm−3 (F).

���#�r�;�4�{���������7�+�r�;�4�{�=���t�r�%�7�4�{�=���p���4�����$���%�����{�r�2�"�4�{�=���p�����-�����-�������{�����������$�%���������
���������7�4�;���������(���2�r���7�+�����4�������4�7�+�r�;�$���������4�7��� �����2�7�%���������¢¡��%��£��¤���¦¥(�4��¥(�g�2�7���������
��¡��4���¢�����§�-�4�$���7�����¨�-����©������(���$�"�%�;�r�%�ª�$��«��������%�����¬���7�$�$�7�����5���������¨­�®�¯�°N±
���y�;���������r�����4�9�2�����%�������r�����4�y�7�4�;�������²�=���"�¦���$�%�¦���"���7�$���r�2�¦�����(�%�%���r���³���"�¦�$���������r�

���"�$�$��©������¦�����(�%�%���;�¦���ª���7�$���r���¨�(�=�����²���%�y�����r�%�������4�y���5¡��4�;�¢�¨���$�4����´����2�������¦µ��7�����$���
�=���������$�%�$�4�����7�4���������2�$©������4�;���������7���$�������-�2��©���±�¶ �4�·¥��������������;���������r���������+£#�(���;��¸
�7�����r���$���¹�(�=���%�7�4���2´��;�¢�����=�����+£#�$�;�r�¤���¢���$���r�%�����$�������¤����¥(�4��¥(�����7�������»º

Ith r ¼ ¥(�%����%´����$�������������¢�§�����=�����½���5�g�������+�r�%��¾$�;���$�����ª�����%�7�$���r���§�������§��¿ªÀ�Á(Â�Ã2ÄÆÅÇÀ�È�É+Ê��������2�
���r���;���$�����7�������4±ÌËJ�0�r�Ì�(�=������������¥������0�����������¹�����+£��%�7���$���t�(�%�$���%�4���������Ì���Í�����;�4���r�Í���
�$�$��©��������%���¹�%�%���;�������%�7�$���r��������Î4¯#��Ï����Ð�������§¯#��Ï����Ñ�����;Òg£��$�7�������$�$�7�����Ó���������%�����2�r�
���4���%�������r�2Ôg���Õ���Ñ�%�4���������Ñ���Õ®4��Ï

×10−4
�7���×Ö�ØÙ�Ñ���������$�������Ñ���Ñ�������2�$©������4�;���7�$�4�����ªÚ

Î���Ï
×1011cm−3

±
Û �2�r�����%�����;�7�$�������Ü�$�$�7���2���½���r�2�7�4���Ü�7�%���7�Ü�7�+�r�=���
���7���;���4�����Ü����´���±�Ý#±ßÞ#±����

���%�������i�2���4���������7�����$�����������$�$�7�������������%�§º0àâá#Ê�ÉrÈiá�Ã2ã�Â ¼ �r���
�����;�����%���i�2���4�����¢´������r��Ý#±$®�¯#��4�����¨�7�7�%���7�7���;�rÚ§���ä¡�����Ô����7���§���%�����$�������¨���¨�����;��¾$����������±
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F ig u r a 8.14: D e p e n d ê n c ia d a F W H M c o m a fl u ê n c ia d e b o m b e a m e n to p a r a c o n c e n tr a ç ã o

d e c o r a n te d e 1,0×10−3 m o l/L . E m o s tr a m o s c o m c o n c e n tr a ç õ e s d e e s p a lh a d o r e s d e

3,0×109cm−3 (N), 1,5×1010cm−3 (♦), 3,0×1011cm−3 (H), 1,8×1012cm−3 (F)

<>=@?BADCFEG=IHKJML!NPOPQDRFSGT�E-UV=!W8SGTYXPCFT>Q[ZM\M]^\2=VE`_bacQDE-d&T#]^T�efdGT>gFT#h0T�eFgFT#efd&TYgB=[gFT�eFSG\MgF=VgFT>gFQ
]^T�\MQiT�SGhB=jZMkB=VgFQDE#O0h0QD\MSml#QD]nQo=jCF]^T�efdGQigBpigFT#eFSG\MgB=VgFTIgFTIhB=VE-dGqMl�CFZ2=VS>QiZM\M]^\2=VE>Z2=VSGT#EYUV=V\
gFT�l�ErT�Srl�T�eFgFQs=td&_mCF]ugFTvd&T#EG]^\MeB=jgFQIUV=VZMQDE`gFTmgFT�eFSG\MgB=jgFTmgFTmhB=VE-d&qMl#CFZ2=VSxw-LVOyNxz

1011cm−3 { J
|"=VEG=}gFT#eFSG\MgB=VgFT�S~]�=V\MQDErT�S�O!QDRFSGT#ErUj=V]sW:SGT)h0T#XPCFT�eB=jS~�BCKdGCB=V���PT#S�eFQ�UV=VZMQDE~gFQ}ZM\M]^\2=VE#O!dGQDEreB=VeFgFQtW
SGT�hFE&=td&\Ml�=V]^T�efdGT�l#QDeFSrd&=Vefd&T�=�hB=jErdG\MExgB=ogFT#eFSG\MgB=VgFT�gFT^�KO��

×1011cm−3
O�eFT#Srd�=�=VeB=jZM\MSGT^=

l�QDeFl#T�efdGE&=j���VQ�gFT@l�QDEG=VefdGT@_�?KzF=VgB=�T�]�LVO��
×10−5

]^QVZ��V�)J
� eB=VZM\MS&=VeFgFQ�CF]�]^T�\MQ�l#QD]�RB=j\*zF=�gFT�eFSr\MgB=VgFTogFT�hB=VE-d&qMl#CFZ2=VS�w��KO��

×109cm−3 { U�T�Er\�?KW
l�=V]^QDS�XPCFTxQs]^T�SG]^QseFT�l#T�SGSG\�d&=sgFT�CF]�UV=VZMQVE}SG\MAVeF\�?Bl�=jdG\�U�QsgFTxT#eFT�ErAD\2=sgKTxR0QD]�R0T�=V]^T#efd&Q
hB=VE&=�hFEGQD]�Q!U�T�Em=�=V���VQ�Z2=VSGT#E�O�Q�XPCFTI_�l�QV]^hFEGQ!Uj=VgFQ�h0T#Z2=i]�=VADeF\�dGCFgFT�gFQ�ZM\M]^\2=jEmZ2=VSGT#E

∼� O���]i�KJK|"=VEG=ICF]�=�gFT�eFSG\MgB=jgFT�gFTmhB=VE-d&qMl#CFZ2=VS�gB=IQDEGgFT#]�gFT��KO��
×1011cm−3

O�QDRKdGT�]�QDS�CF]
ZM\M]^\2=VEIw �¢¡�£&¤&¥�¡B¦t§M¨ { gFT ∼ �KOyNs]i�KJ0©ªQD]«T#SGSGT@gB=VgFQFOFl�QDeFSrd&=jd&=V]^QDSbXPCFT@Q�]�T�\MQ^hFEGT#l�\MS&=�gFT
CF]�=¬T�eFT#EGAV\2=¬gFTiR�QV]�R0T�\MQ¬Tvz�dGEGT#]�=V]^T#efd&TiRB=V\*zF=¬hF=VE&=­TvzKT#l�CKd&=VE�=¬T�]^\MSGS&�jQ�Z2=VSGT#E�J�|$QDE
l�QDeFSGT#XPCF®�eFl#\2=KO$QVRFSGT�E-UV=tW:SGT�XfCFTi=VS[hFErQDhFEr\MT�gB=VgFT#S[gFT�T#]^\MSGS&�VQ­Z2=jSGT�E@S&�VQ¬=VZ�dGT�EG=VgB=VS[SG\MAVeF\*W
?Bl�=jdG\�UV=V]^T#efdGT@h0T�ZMQ�=jCF]^T�efdGQ^gFQ^eP¯F]^T#EGQ�gFT@T�SGhB=jZMkB=VgFQDErT�S�J
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F ig u r a 8.15: L im ia r la s e r e m f u n ç ã o d a d e n s id a d e d e p a r tíc u la s , a c o n c e n tr a ç ã o d e c o r a n te

u tiliz a d a f o i d e 1,0×10−5 m o l/L .

ç"èjé&è^êFënë^ì�íMîiï#îDënðPñFë^ì#éGîiíMðFòGíMóVðFí�ôBï�èVðfõGì[öFìIì#òG÷BèVøMùBèVöFîDérì�ò>î�ì�øMì#újèVöFîiøMíMë^í2èjé>ø2èVòGì#é
÷�îföFì�òGì#é�ì�ûK÷FøMíMï�èjöFîs÷0ì�ø2èIüBèVí*ûFè�îPï#îDéréGý#ðFï�í2èIöFì�ë�ñFø�õGíM÷FøMîDò�ì#òG÷BèVøMùBèVë^ì#ðfõ&îVò�öFì�ðfõGérîsöFî�ú�îVø*þ
êFë^ì�öFì�ó�èjðFùFîFÿ�÷0îDíMòmï#îDë êFë�èi÷0ì � êFì#ðBèiöFì�ðFòGíMöBèjöFì�öFì�÷BèVé-õ��Mï�êFø2èVòmîDò����VõGîDðFòm÷0ì#ðFì#õGé&èVë
ë�èVíMò}ðFî�ë^ì�íMîKÿBèVêFë�ì�ðfõ&èVðFöFî�î�ï�îVë^÷FéGíMë^ì#ðfõGî�öFìx÷0ì�ðFìvõGé&è	��
Vî

Lp ��
 ì�òGò&è��cîDérë�èsì#øMì�ò�õGý�ëóDé&èjðFöFì�÷FérîDüBèVüFíMøMíMöBèjöFì�öFì�ì#òGï�èV÷BèjémöBèiérì�óVí�
Vî�öFì�ó�èjðFùFî�÷Férì��rêFöFíMï�èjðFöFî�î�ë^ì�ï�èVðFíMòGë^î�öBè
è	��
Vî�ø2èVòGì#é � ç�îDé-õ�èjðfõ&îFÿ è�íMðfõ&ì#ðFòGíMöBèVöFìoöFì�ü0îDë�ü ì�èVë^ì#ðfõ&î�õ&ì#ë � êFìoòGì�ésòGêKôBï#íMì�ðfõGì�÷Bèjé&è
ï�îDë^÷0ì#ðFò&èVéYèjòb÷�ì#éröBèVòböFî^ë^ì�íMî �� ðBèVøMíMò&èVðFöFîiè^ì � êFè	��
Vî�� ������� ï�èV÷���õ&êFø�î��	�vÿBúDì�érí�ôBï�èVë^îVò � êFì[öFì#ú�íMöFî �^üBèVí*ûFè^ï#îDðFï�ì#ð�þõ&éGè	��
jî�öFì�ì#òG÷BèVøMùBèVöFîVéGì#òxî�ï�îVë^÷FéGíMë�ì�ðfõGî�öBè�õGé&è!�rìvõ"�VéGí2è�ë$#�öFí2è�õGîVõ&èVø"öFîDò%���jõ&îDðFòxöFì#ðfõGéGî
öFîsú�îDøMêFë^ì�öFìxóDèVðFùFî&#�éGì#ø2èjõGí�úVèVë^ì�ð�õ&ì�üBèVí*ûKî �(' òrõGî)��è	*xï#îDë � êFì�îDò+���VõGîDðFò}÷0ì�érë�èVðFì,��èVëë�êFí�õ&î�÷0îVêFï�î�öFì�ðfõGérî�öFî^ú�îDøMêFë^ì[öFì[óDèVðFùFîFÿ�� è-*�ì#ðFöFî�ï�îDë � êFì[î�òGíMòrõGì�ë�è�õGì�ðFùBè � êFì[òGì#é
éGì�èVøMíMë^ì�ðfõ&èVöFî­ï�îVë êFë�è�ì�ðFì�éróDí2è�öFì�ü0îDë�ü0ì�èjë^ì�ðfõGî¬ò&èjõGíMò.��èjõ��Dérí2è­÷Bèjé&è�ë�èVðfõGývþ:øMîDò[ðFì�òGòGì
ú�îDøMêFë^ìVÿFòGì�ðFöFî�è�÷FéríMðFï�íM÷Bèjø�ï�èVêFò&è�öFî^ì#øMì#úVèjöFî^øMíMë^í2èVé}ø2èVòGì�é �/ îDë^î0�cîDí�ë^ì�ðKï�íMîDðBèVöKî­èVðfõ&ì#éGí�îDéGë^ì#ðfõGìDÿ�÷BèVé&è�öKì�ðFòGíMöBèVöFì#ò@öFì^ì�òG÷BèjøMùBèVöFîDérì�ò@ë�èVíMò@ì#ø*þ
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F,G	H	I�H	J&KML�N�O$N�H	P)L�H	J�F,P)G-H	N+I�N�O$N�QER�N�Q�ISKUT,K>OVKUH	R�O$F�QXW�KMI�KUQEY�O$F,P�KMI�F�Z[H	P;W"\�T,R�L�H	J&Q�K
O$F�N�K�]+^_K>Q�J�F�`ER�F,QXW�F�O$F�Q8W"F	abK$T�K>O$Z�P.N�O$F,QXW"KcI�FdW"P�H!e.F6W"f>P.N�H$O$g,I�N�H&W"K-WhH-LiG	H	NjJ�FkW�K>P.Q[H	Q�I�K
OcH	N�K>P,]mljK>n	K�a>K	Jpo�f	W"K	Q�Jpq[T�H	OrF,OrJ�R[Hsn>P�H	Q�I�F_OcH	N�K>P.N�HsT,K>Q�I�N�T�N�K	Q[H	I�K>JmI�F,QXW"P.K%I�K�G8K>L�R�O$F
I�F&n>H	Q�t�K�F$H�KET�K	P�P.u�Q�T,N�H�I�F)O�Y�LvW�N�Z�L�K>J%F�J�Z[H	L�t�H	O$F�QXW�K>JsW"F,Q�I�F$H�H	R�O$F,QXW"H	PdH�F6q[T�N�u,Q�T�N�H
I�K$J�N�J.W�F�O$HS]Bwsx�J�F�P;G	Hzy{J�Fd`ER�F	a[H)Z[H	P;W"N�P?I�FdR�OcH)I�F,W�F�P.O$N�Q[H	I�H&T,K>Q�T�F,QXW"P�H	|�}	K&I�FdF�J�Z[H	L�t[H!y
I�K>P�F,J�a(KML�N�O$N�H-P�W�F,Q�I�F�I�F o�K>P.OcH�I�N�J�T,P�F6WhH�H�R�O~H	R�O$F,QXW"K�F�O�J�F�R�G	H-L�K>P,a(N�J.W"K�J�F�I�F6G8F
� T,K>Q�I�N�|�}	K�I�F�`ER�F�F,J.WhH	O&K>JdH-I�N�T�N�K>Q[H-Q�I�K�R�O�QEY�O$F,P�K�F,L�F,G-H	I�K�I�F�Z[H	P;W�\�T�R�L�H	JsQ�K�O$F�N�K�a
I�Nvq[T�R�LvW"H	Q�I�K HcF�QXW�P�H	I[H$I�K>J�o�f	W�K>Q�J�Q�KcO$F�N�KcI�F�n>H	Q�t�K�abT�K	Q�J�F�`ER�F,QXW"F,O$F�QXW�F�I�N�O$N�QER�N�Q�I�K
K0T,K>O$Z�P.N�O$F�QXW�K0I�F)Z3F,Q�F,W�P"H	|�}	K�]��pK	P.W"H	QXW�K�aiZSP�F,T�N�J"H	O$K	JdI�F)R�OcH�OcH-N�K>P%N�QXW"F,Q�J�N�I[H	I�F)I�F
x�K	O�x3F�H	O&F�QXW�K$Z[H	P�H&P�F�H	L�N���H	P�H$H-|�}	K$L�H-J�F�P,]
� H�q[n>RSP"HM�S]����Sa�O$K	J.W"P�H	O$K>J&HMI�F,Z3F�Q�I�u,Q�T�N�H�I�KUL�N�O&N�H	P)T�K>OVHMI�F,Q�J�N�I[H	I�F�I�KMO$F�N�K

F�J�Z[H	L�t[H-I�K>P�Z[H-P"H�W�P�u,J�T,K>Q�T,F�QXW�P"H-|��EF,J�I�F�T�K>P�H	QXW�F����>a�� ×10−5 ac�>a�� ×10−4 F��	a�� ×10−3

O$K>L��	l���]pwsJ�P.F�J�R�LvW"H	I�K>J�O$K>J.W�P"H	O�`ER�FcK�L�N�O$N�H-P�ISF J�N�J.W�F�OcH-J�F�J�Z�H	L�t[H	I�K>P.F�J�T�K>O�n8H	Q�t�K
J"}	KdW"H	O�x3g,O�o�K>P.W�F�O$F,QXW�F�I�F,Z3F�Q�I�F�QXW�F,J�I[HdT�K	Q�T�F,QXW"P�H	|�}-KkO$K>L�H-P�I�KkT,K>P�H	QXW�F>]�� F,P�Nvq[T�H	O$K>J
Q�K&n	P"¡zq[T�K¢��q�n�]��S]����>�B`ER�F%F6£¤N�J.W"F%R�OcH�P.F�n>N�}-K&I�F�W"P�H	Q�J�N�|�}	K)F�QXW�P�F%K)P.F�n	N�O$F%J�F�O$N¥y{I�Nvo�R�J�NvG8K
FkK$P.F�n>N�O$FdI�Nvo�R�J�NvG8K�]
� K�P.F�n	N�O$F�J�F�O$N¥y{I�Nvo�R�J�NvG8KSabW"F,O$K>JsHcKET�K>P.P.u�Q�T�N�H I�F�Z3K	R�T�K>J�F�J�Z[H-L�t[H	O$F�QXW�K>J�a3F�T,K>Q�J�F�y

`ER�F�QXW�F�O$F,QXW�F)H F,q[T�N�u,Q�T�N�H I�F�P.F�H	LvN�O$F�QXW"H	|�}-K�I�K�J�N�J.W�F�O$H�g�x[H-N¥£�HS]%�pK>P;WhH-QXW"KSa�T�K>O¦x[H	J�F
F�O§Q�K>J�J�K	J�P�F,J�R�LvW"H	I�K>J�F6£¤Z3F�P.N�O$F�QXW"H	N�J�a-Z3KEI�F,O$K>J�T�H	P"H-T,W�F�P.N���H	P¨F�J;W"F T�K>O$K�J�F�Q�I�K�ZSP�F,T�R�P.J�K>P
I[H�H	|�}-K�L�H	J�F�P,](©�OªQ�K>J�J�K	JBF�£SZ3F�P.N�O$F�QXW�K>J�aXF,J.W"F�P�F,n>N�O$F�g?G8F�P.Nvq[T�H	I�Kk`ER[H	Q�I�K�HkI�F,Q�J�N�I[H	I�F
I�K$O$F�N�K$F,J�Z[H	L�t[H	I�K	P�F�J.W"¡&Q[H)o«H	N¥£SH&I�F 109 H 1010 Z�H	P.W�\�T�R�L�H	Jh� cm3 ]
w¦P.F�n>N�O$F0I�Nvo�R�J�NvG8KUg0T�H	P�H	T,W�F�P.N���H-I�K¬Z3F,L�H¬H-LvWhHMP.F�H	L�N�O$F,QXW"H	|�}	KUI�KUJ�N�J.W�F�OcHSa K>R­J�F�e�H

R�O�O$F,N�K�o�K>P;W�F�O$F�QXW�F�F�J�Z[H-L�t[H	I�K>P,]k®¤R[H�F6q[T�N�u,Q�T�N�H Z3KEI�F�J�F�PsT,K>QSq[P�OcH-I[H�Z3F,L�H�O�R�I[H-Q�|�H
I�P"¡	J.W�N�T�H�I[H¯L�H	P.n>R�P�H�I�F L�N�Q�t[H¯I�K�F,J�Z3F�T,W�P.K�I�F F�O$N�J�J"}-K­��I�F °8�Sa��¯Z[H	P�HM±Ea���Q�O �kF Z3F�L�H
x[H	N¥£�H&F�QSF�P.n>N�H&I�K$L�N�O$N�H	P?L�H	J�F�P�� ≈ �Sa�°$O ²8�+Z[H	P�H&Z�P.K>Z3K>P.T�N�K>Q[H-P�H$H	|�}	K$L�H	J�F,P�]
³ OcH­H	Q[H	L�N�J�FM`ER�FUQ�K	J¢Tht[H	O$K>R´HµH-W"F,Q�|�}-Kµo�K>N%KµW"P�H	x[H-L�t�KµW"F,f>P.N�T�K­I�FU��N�Q�t�F�N�P.K­F

J"H	O$Z[H	N�K�¶�±¤�,·¸a F�OV`ER�F0K>JcH-RSW"K	P�F,J$RSW�N�L�N���H-O¹R�O¹O&g,W�KEI�K¬QER�O$g,P.N�T�KUZ[H	P�HUN�QXG>F�J.W�N�n8H	P$H
I�F�Z3F�Q�I�u,Q�T�N�HµI�K­L�N�O$N�H	P0L�H	J�F,P¢T,K>OºQEYSO$F�P.K�I�FUF,J�Z[H	L�t[H	I�K>P.F�J0Z[H	P�H­K¼»�½	¾b¿XÀ-ÁÃÂj½!Ä!Å6Æ
I�Nvo�R�J�K�F,OªW�P�u,JBI�N�O$F,Q�J��EF�Js�ÈÇ>Éd��]¤wsJBP.F�J�R�LvW"H	I�K>J�W"F,f>P.N�T�K>J K>xSW"N�I�K	JBZ3K>P F,L�F�JBZ�P.F,I�N���F�Oª`ER�F
K$L�N�O$N�H	P�J�F,n>R�FkRSOcH&L�F�NiI�FkZ3K	W�u�Q�T,N�H&I[H	I[H&Z3K	P�Ê

Γlim iar ∝ N−2/3 (8.4)

K>Q�I�F � gdK$QEY�O$F�P.K$I�FkF,J�Z[H	L�t[H	I�K	P�F,J�Q�K$J�N�J.W"F,OcHS]
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Ø_Ù>ÚÃÛ[Ü	Ý�Þ¯ß�Þ�Ý.à�Þ¯à�á�Ü	Û[Ü	â�ã�Ù�ä�Þ�å�æ�ä�ævÚ$Ù>Ý�ç?ævßXè8Þ�Ý.à�æ�é8Ü	á ÜUè	Ü	â�æ�ä[Ü	ä�Þ¯ä�Þ�Ý.à"Ü�â�Þ,æ�ä�Þ�ê3Ù-à"ë,ß¤ì
å�æ�ÜSçjà�Þ�ß�ä�Ù¢Þ�Úíè¤æ�Ý.à"Ü¢îEï�Þ$ß�Ù	Ý�Ý�Ù>Ý�á.Þ�Ý�ïSâvàhÜ	ä�Ù	Ý�Ý�Ù>Û�á.Þ$Ù¢â�æ�Ú$æ�Ü	ákÞ$Ý�ï[Ü0ä�Þ�ê3Þ�ß�äSë�ß�å�æ�Ü0å,Ù>ÚðÜ
ä�Þ�ß�Ý�æ�ä[Ü	ä�Þdä�ÞkÞ�Ý�ê[Ü-â�ã[Ü	ä�Ù>á.Þ�Ý�Ü	ê�á.Þ,Ý�Þ�ßXà"Ü	Úñå�Ù	Ú$ê�Ù	á.à"Ü	Ú$Þ,ßXà"Ù$Ý�Þ,Ú$Þ�â�ã[Ü-ßXà"Þ	ò
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F ig u r a 8.16: L im ia r la s e r e m f u n ç ã o d a d e n s id a d e d e p a r tíc u la s , p a r a vá ria s c o n c e n tr a ç õ e s

d e c o r a n te : 1,0×10−5 m o l/L , 1,0×10−4 m o l/L e 1,0×10−3 m o l/L .

Ø_Ù>Ú Ùcæ�ßXà�ï�ævà�Ù ä�Þ�å,Ù>Ú$ê[Ü	á�Ü	á�Ù	Ý�á.Þ�Ý�ï�âvà"Ü	ä�Ù>Ý�Þ21Sê3Þ,á�æ�Ú$Þ,ßXà"Ü	æ�Ý�å,Ù>Ú Ù>Ý�Ù	ÛSà"æ�ä�Ù	Ý�à�Þ�Ù>á.æ�å�Ü!ì
Ú$Þ�ßXà�Þ%ê3Ù>á43�æ�ß�ã�Þ�æ�á.Ù)Þ65¤Ü	Ú$ê[Ü	æ�Ù87:9<;2=¸çSß[Ü?>[é	ï�á"ÜA@¤òB; C�Ü	ê�á.Þ�Ý�Þ,ßXàhÜ-Ú$Ù>Ý+Ù>Ý+ä[Ü	ä�Ù>Ý?Ü D.ï�Ý.à"Ü	ä�Ù	Ý
å�Ù>Ú�Ü0â�Þ�æ(ä�Þcê3Ù-à"ë,ß�å�æ�ÜSòFE%Û�Ý�Þ�á;è	Ü!ìøÝ�Þ$îXï�Þ Ü0æ�ß�å,â�æ�ß[Ü$G�H-Ù¯ä[Ü-Ý�å,ï�á.è	Ü-Ý�ÝIH-Ù¯ä�æ*J�Þ,á�Þ,ßXà"Þ,Ý�ê[Ü-á"Ü
å�Ü	ä[Ü&å,Ù>ß�å�Þ,ßXà�á"Ü&G�H	Ù$ä�Þdå�Ù>á�Ü	ßXà�Þ>ò

K Þ Ü-å�Ù>á.ä�Ù¯å,Ù>Ú�ß�Ù>Ý�Ý�Ù	Ý�ä[Ü	ä�Ù>Ý�ÞL1Sê3Þ�á.æ�Ú$Þ�ßXà"Ü	æ�Ý�ç¨Ù¯Ú$ÙEä�Þ�â�Ù¢ê�á�Ù	ê3Ù>Ý.à"Ù¢ê3Ù>áM3�æ�ß�ã�Þ�æ�á.Ù¯Þ
5SÜ	Ú$ê[Ü	æ�ÙN7:9O;�=OPBæ�ß[Ü	ä�Þ,îEï[Ü	ä�Ù�ê[Ü	á�Ü�Þ21¤ê�â�æ�å�Ü	á¨Ù�å�Ù>Ú&ê�Ù	á.à"Ü	Ú$Þ,ßXà"Ù�ä�Ù�â�æ�Ú$æ�Ü	á�îEï�Ü	ß�ä�Ù�Þ�Ý.à"Ü	Ú$Ù	Ý
ßEï�ÚcÜså,Ù>ß�å�Þ,ßXà"á�Ü$GQH	Ùsä�Þ+å,Ù>á�Ü	ßXà"Þ+Ü	å,æ�ÚcÜsä�ÞR;>ç:S

×10−5
Ú$Ù	âUT$V�òXWsÝ�Ý�æ�Ú¢ç	ê[Ü	á�Üså�Ù	ß�å�Þ�ßXà�á�Ü$GQYXÞ�Ý

0 10−5
Ú$Ù>âUT$V(ç[Ù$á�Þ,Ý�ï�âvàhÜ	äSÙ$à�ÞQZ>á.æ�å�Ù&à"Ù	á�ß[Ü!ìøÝ�Þdè$[	â�æ�äSÙ�ç[ê3Ù>æ�Ý�Ù$ê�á�ÙXå�Þ�Ý�Ý�Ù$ä�Ù>Ú$æ�ß[Ü	ß8à"Þkß�Þ�Ý.à�Þ

Ý�æ�Ý.à"Þ,ÚcÜ&ÝIH	Ù$Ù>Ý�ÚN\�âvà�æ�ê�â�Ù>Ý�Þ,Ý�ê[Ü	â�ã[Ü	Ú$Þ,ßXà"Ù	Ý�ò
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F ig u r a 8.17: A ju s te d o s d a d o s e x p e r im e n ta is p e la le i d e p o tê n c ia p r e vis ta te o r ic a m e n te

p o r P in h e ir o e S a m p a io [51], p a r a vá ria s c o n c e n tr a ç õ e s d e c o r a n te : 1,0×10−5 m o l/L (N),

3,0×10−5 m o l/L (M), 1,0×10−4 m o l/L (H), 3,0×10−4 m o l/L (¨) e 1,0×10−3 m o l/L (F).

¡£¢N¤¥¢$¦_§�¨©¢«ªt¬®­<¯t°_±O²�§Q³k±$´µ±$¦�´¶§Q·f¸$¢$·4¹Oº�§»±«§2¼t°_±O§�½
¤¶§
α

¸&¢$·¶¾©¢A¿�±i³À¢A¿Q±$½�¿Q§Q½
¤¶·¶¢$Á�Â&±«²�§
¿Q±i·¶¢$½
¤¶§«§«½Ã¢8¿�±i½�¿Q§�½
¤I·¶¢$ÁQÂ$±8³Ä¢$¾B´6¦Ã¢&¾Å¼�¢Æ¢Ç°�·o§�¸<¾B´IÂ&±8¤¶§QÈi·o¾B¿Q¢ÊÉ

ΓT h r ∝ N−2/3 Ë ´¶§k¢ Ìoº�´o¤I¢
¢$±i´µ²Ã¢$²�±i´µ§L¼t°_§Q·o¾B³k§Q½
¤I¢$¾B´?É

ΓT h r ≈ N−0,65 Ë ¬
C o n c e n tr a ç ã o d e c o r a n te (m o l/L ) E x p o e n te α

1×10−5 0,65

3×10−5 0,62

1×10−4 0,46

3×10−4 0,37

1×10−3 0,13

T a b e la 8.2: V a lo r e s p a r a o e x p o e n te α a ju s ta d o s p e la e q u a ç ã o : L im ia r ∝ N−α.

Í ´�°t·¶¾B½�¿�¾B°Ã¢$¾B´�³k±$¤¶¾*¸c±i´�²Ã¢µ²�¾B´¶¿�·¶§�°ÃÎ$½�¿�¾©¢µ§Q½
¤¶·o§Ï±i´�·o§Q´¶º�¨*¤I¢$²�±i´�¤I§�Èi·¶¾B¿�±i´�§Ï§L¼t°_§Q·o¾B³k§Q½
¤I¢$¾B´
·¶§�´¶¾B²�§6½�±«ÐÑ¢&¤I±k¹Oº�§6½�±k³k±O²�§�¨B±«¤I§�Èi·o¾B¿Q±k±i´%¢$ºt¤¶±i·¶§�´%¿�±i½�´¶¾B²�§�·I¢&³Ò¹Oº�§6±«¸c±i¨Bº�³«§6²�§6Óc¢$½�Ô�±
Õ ²�¾B´o¤I·o¾B¦�º�ÖB²�±×º�½�¾*Ð0±i·o³k§�³k§Q½
¤¶§N²�§�½
¤I·o±×²�±×´¶¾B´o¤I§�³Ä¢t¬»Ø,±i½tÐ0±i·o³k§A¢$°t·¶§�´¶§Q½
¤I¢$³k±i´R½Ã¢Ä¤I¢$¦_§Q¨©¢
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ætçBèié�êië×ìÃí&îIï$ðkñ2ò¶î¶êiëFî¶ñ�ó©í$ôQõBê$öÃí$÷�êiëFôQêiðøêúùcí&ö�û�êú÷�ê�ë¶õBëoòIñ�ðÄí�ëIü$êúí$ó*ò¶ñQî¶í$÷�êiëF÷�ñþý0ê$î¶ðÄí
ë¶õBùiö�õ*ÿÃô�íXòIõ��$í�� ðkñQ÷�õB÷Ãí ñQð�����ñ��$í&î¶õ©í&ðkêiëÄí ôQêiötôQñQö
ò¶î¶í
	�ü&ê�÷�ñ8ôQêiî¶í$ö
ò¶ñiç��,êið îoñQó©í
	�ü$ê
í$ê ðkñ�õBê ñQë¶ìÃí$óBûÃí&÷�êiî�é íÆ÷�ñQö�ë¶õB÷Ãí&÷�ñ��ÄðÄí&ö
òIõB÷Ãí8ôQêiö�ëoòIí$ö
ò¶ñié�ñÄê ö���ðkñ�î¶êÆ÷�ñÄìÃí$îfò��Bô���ó©í$ë��
í
��ðkñQö
òIí$÷�êtç���ëoò¥íRôQê$ö�÷�õ�	�ü$ê õBö�����ñQö�ô�õ©í ÷�ñ,ý0êiîoðÄí ÷�õBîoñ2ò¥íRö�ê»ë¶õBëoò¶ñQðÄí<écì_ê$õBë�õBë¶ë¶ê»ñ�����õ��$í$óBñ�í
ðkêO÷�õ*ÿÃô�í&î�êRòIí$ðÄí$ö�û�ê ÷�ê»ë¶õBëoò¶ñQðÄí<écê
�«ë¶ñ��¶íté
�&í$î¶õ©í&î.ê òIí$ðÄí$ö�û�ê ÷�ê»ë¶õBëoò¶ñ�ðÄí ÷�ñ,ò¥í&ó<ý0êiîoðÄí»í
ôQêiö�ë¶ñ�î��&í$îmí6÷�ñ�ö�ë¶õB÷Ãí$÷�ñµôQêiö�ëoòIí$ö
ò¶ñiç �!�tòIîoê6ýÑí&ò¶êiîÏõBð«ì�ê$îoòIí$ö
ò¶ñ"�"����ñ%ö�ñQëoò¶ñ%ñ�ëoòIñµðkêO÷�ñQóBêMë$#
óBñ��$í£ñ�ð ôQê$ö
ò¥í£ê$ë ì�î¶êOô�ñQë¶ë¶ê$ë.÷tñ,ð%��ó*ò¶õBì�óBêië ñQë¶ìÃí&óBûÃí$ðkñQö
ò¶êiëQé&öÃü$êRóBñ��&í$ö�÷�êRñ�ð ôQêiö�ë¶õB÷�ñ�îIí
	�ü$ê
ì�î¶êOô�ñQë¶ë¶êië.÷�ñ�îoñQñQðkõBë¶ëIü&ê�éiî¶ñQí
&�ë¶êiî�	�ü$ê ñ4ý0êiîoðÄí
	�ü&ê»÷�ñµí&ùiî¶ñ�ùcí$÷�ê$ë�ðkêióBñQô���ó©í$îoñQë('*),+.-/����ñ�ëIü$ê
ñ10<ò¶î¶ñ�ðÄí$ðkñ�ö
òIñÏõBðkì_êiîfòIí$ö
òIñ�ë�ìÃí&îIíµê£ñ�ëoò���÷�ê%÷�ñÏôQêiö�ô�ñQö
ò¶î¶í
	32Oñ�ë�÷�ñÏôQê$îIí&ö
òIñ

≥ 10−3
ðkêió54
6�é

ì�ê$õBëµëIü$êkì�îoêOôQñ�ë¶ë¶êiëµ÷�êiðkõBöÃí$ö
ò¶ñQë%í&ôQõBðÄí«÷�ñ�ëoò¥í«ô�êiö�ôQñ�ö
ò¶îIí
	Qü$ê�ç
7 í&îIíAôQí$î¶í$ô�ò¶ñQîoõ�8�í&î�ê«óBõBðkõ©í&î�ó©í&ë¶ñQî4÷�ñ»ë¶õBëoò¶ñQðÄí$ë�ñ�ë¶ìÃí$óBûÃí$÷�êiîoñQë�ô�êið ùcí$ö�ûtê9��ð ðkêO÷�ñQóBê

÷�ñ��cñµóBñ��$í&îÏñ�ð ôQêiö�ë¶õB÷�ñ�î¶í
	�ü$êMí6÷�ñQì_ñ�ö�÷/:Qö�ô�õ©í6ôQêið í6÷�ñQö�ë¶õB÷Ãí$÷�ñµñQë¶ìÃí&óBûÃí$÷�êiîoñQëQé�&_ñ�ð ôQêiðkê
í õBö;���/:Qö�ôQõBí ÷Ãí ô�êiö�ô�ñQö
ò¶îIí
	Qü$ê ÷�ñ8ô�êiî¶í$ö
òIñ$ç 7 êiîfòIí$ö
ò¶ê�éÏê óBõBðkõ©í$î«÷�ñÇë¶õBëoòIñ�ðÄí$ë=<(>
?A@�B
C
D >.EGF1HA÷�ñ1�cñ6ë¶ñ�îµñQë¶ô�î¶õÅòIêkô�êiðkê/I

Γlim iar = f(ρ, C) (8.5)

êiö�÷�ñ
ρ
�»÷�ñQö�ë¶õB÷Ãí$÷tñ6÷�êkðkñQõBêkñ�� í«ôQê$ö�ôQñ�ö
òIî¶í
	�ü&êk÷�ñ6ô�êiî¶í$ö
òIñ$ç

J í ÿÃù,��î¶í�ætçBè�ætémðkêiëoò¶îIí$ð«êiëFí ÷�ñQì_ñQö�÷/:�ö�ôQõ©í ÷�ê�ñ10tì_êOñ�ö
òIñ
α

ô�êiðøí ôQê$ö�ôQñQöcòIî¶í
	�ü&ê
÷�ñ?ôQêiî¶í$ö
ò¶ñiç J ñ�ëoò¥íÄùiî$K&ÿÃô�ê�é�ÿÃôQíÄñ��<õB÷�ñ�ö
òIñ�����ñ?êFóBõBðkõ©í$î%ó©í$ë¶ñQî%÷�ñ?ë¶õBëoò¶ñQðÄí$ë£ñ�ë¶ìÃí$óBûÃí$÷�êiîoñ�ë
ôQêið ùcí$ö�û�ê ë$#��8ôQê$ðkì�óBñ�òIí$ðkñ�ö
òIñ8ôQí$î¶í$ô�ò¶ñQîoõ�8�í&÷�ê����Ãí$ö�÷�ê óBñ��$í&ðkêië«ñQð ôQêiö�ë¶õB÷tñQî¶í
	�ü$ê�í
õBö����/:Qö�ô�õ©íþ÷Ãíþô�êiö�ôQñ�ö
òIî¶í
	Qü$ê ðkê$ó©í$î?÷�ê ôQê$îIí&ö
òIñ$çL� ëN÷Ãí$÷têiëAí$ì�îoñQë¶ñ�ö
ò¥í$÷têiëNö�ñQëoòIí ÿÃù
��îIí
ëIü$êÄí.����ëoòIí$÷�êiëµì_êiî(�tðÄí«ñ3���Ãí
	�ü$êkñ�ðkì/�Bî¶õBôQí«÷Ãí$÷�êkì_êiî�I

Γlim iar ∝ Nα (8.6)

êiö�÷�ñ
α
�6ê«ñ10tì_êOñ�ö
òIñ6í$ì�îoñQë¶ñQö
òIí$÷�êkö�íAò¥í
&_ñ�ó©íkætçNM<é�ë¶ñ�ö�÷�êk÷�ñQë¶ô�î¶õ*ò¶êkô�êiðkê/I

α =
−2/3

(1 + (C/C0))
(8.7)

êiö�÷�ñ
C0

�6êkìÃí&îIï$ð«ñ�ò¶î¶êk÷�ñ6í.����ëoòIñ$éA�O�Mí«ôQê$ö�ôQñ�ö
òIî¶í
	Qü$êk÷�ñ6ô�êiî¶í$ö
òIñ$ç
P �/&�ëoò¶õ*ò$��õBö�÷�êÄætç*Q«ñ�ð æ<çN+NòIñ�ðkêië3I

Γlim iar ∝ N
−

2

3 (1 + C
C0

)
(8.8)

��ëoò¥í9�»ñ3���Ãí
	�ü$êkñ�ðkì/�Bî¶õBôQí«ìÃí$î¶í«êkóBõBðkõ©í$î�ó©í$ë¶ñQî�ç



RAS3T1UWV XZY
[,\,T]S_^a` T�b
U.T�T�c�S�T
91

dfe d g e d�hfijd�k l m3e dnhoijd�k l poe dnhoijd�k l qfe dnhoijdnk l i�e dnhoijdnk rs doe t
s doe p
s doe u
s doe m
s doe v
s doe g
s doe i

w xyz{
|} {
~

�����;�W�A�W�j�����W���=���]���Z��������� �n�;�

F ig u r a 8.18: D e p e n d ê n c ia d o e x p o e n te α c o m a c o n c e n tr a ç ã o d e c o r a n te . O a ju s te (lin h a

c o n tín u a ) f o i f e ito u s a n d o a e q u a ç ã o 8.8.

�!���
�3�
 $¡/���3�,¢£�,¤¥ ��3¤$¦/§�¨��
¡/�
¤!�
©/ ��3¤$��ª�¨f�
¡/�
¤¥ª��9«�¬/­]®�­�¯G®�°±©A��¡/��¢_�,¤¥���,ª/�3§�¦/²� "³�¦/���
§�²�¢_²´�
 a§´�
¤$�� a¡/�1µW�¥¤$�3 a��¤$�3 �²�¨$�%���,¢_��¶·¦/ª/¸G¹
��¡������,ª/���3ª�¨$ ��
¸G¹
��¡/���3�
 ��
ª�¨��¥�¥¡���¡/��ª/¤$²�¡��
¡/�
¡/��¢_�3²�����¤$©��
§�º��
¡/�
 3­¼»!½/¤$�3 Zµ
�
ª/¡/�/°��%�3³�¦��
¸G¹
��®�­*®�µW�3 �²�«��G�
¢_�,¤�³�¦/�¾©��
 ��%���,ª/�3��ª�¨$ ��
¸�¿���¤
½��
²ÁÀ/�¾¡/�����, ��
ª�¨��
°,²�¤�¨��¾Â

C → 0
°, ���¨$�, �ª��
¢_�,¤ �!�3³�¦/�
¸G¹
�¾�, �²�¬,²�ª��
§;©/ $�,©A�
¤�¨f�!©A�, ÄÃ ²�ª/º/�3²� ��

��Å��
¢_©��
²��ÇÆ*È;¯�Éj­

8.1.3 Efi c iê n c ia d a e m is s ã o Ra n d om L a ser e m s o lu ç õ e s a q u o s a s

Ê¥��§�²�¨��� ��Ë¨�¦/ $�ÌµW�� $²�«��3�
¢_�,¤3°Í³�¦/��¦�¨�²�§�²�Î3�
 Ï�ÑÐ
¬,¦����3�
¢_�Ò¤$�,§�µW��ª�¨����3¢Ó¤$�,§�¦/¸�¿��3¤Ï¡/�
�3�, $�
ª�¨$�Ô¶Õ�3µW�, ��3���Ç�Ö¶Õ�
 $¢��
¸G¹
�L¡/�Ç�
¬
 $��¬W�
¡/�
¤9¡/�L¨$²�©A��×�°�ª�¹
�LØ�¦/�, ��3¤$���3ª�¨$�3¤3° ³�¦/�Ô©/ $�nÙ�Ú
¦/¡/²��G�=�=�3¢_²�¤$¤�¹
�Ô§´�
¤$�� 3°�©A�,²�¤¾�,¤¾©/ ������3¤$¤$�,¤¾¡/�
¢_²�ª��
ª�¨$�3¤¾ª/��¤�¨��=�3�
ª�«�¬,¦/ ��
¸G¹
�=¤�¹
�Ô�
¤¾©/ $�ËÚ
�3�3¤$¤$�
¤Û¡/� ¡/�3�G�
²�¢_�3ª�¨$�"ª�¹
�" $�
¡/²´�
¨$²�µW�"³�¦/�¼�oÀ;¨�²�ª/¬
¦/�3¢Ü�]²�ª�µW�3 �¤�¹
�(¡/� ©��
©/¦/§´�
¸G¹
�"ª/���3�3¤$¤�Ð
 $²´�
©��
 ����Ç�
¸3¹
��§´�
¤$�3 �°Ý¨��
 $ª��
ª/¡/���Ç¤$²�¤�¨$�3¢��Ô²�ª/��«���²��3ª�¨$�,­_ÞÖ�
¤3°ß¡/²´�
ª�¨$�_¡/��¤�¨f�
¤��
«� �¢��
¸3¿��3¤à�
�3�,¢_©/ ��.µ
�
¸3¿���¤3°�¡/�3�3²�¡�²�¢_�,¤] $�3�
§�²�ÎG�
 ]¢_��¡/²�¡��
¤]¦�¨$²�§�²�ÎG�
ª/¡/�9 ���¡��
¢_²�ª���áWâã¡/²�§�¦/ä�¡�����¢åÐ
¬,¦��
¡/�3²��,ª/²�Î3�
¡��%�3�
¢æ©��
 �¨$ä��3¦/§´�
¤]��¤$©��
§�º��
¡/�, $�
¤�¡/�

TiO2

­¼çè�,¢_�"Ù$Ð%�3 $�%�3¤$©A�� ��
¡/��°��3�
¢_©/ $�Gµ
�ËÚ
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ö_÷,ø ù¾ú�ù
ûÁü/ù!ý�þ�ÿ3û����/ÿ3û´ù���ý]ý3ö_û�ø$ø��
÷Íý]ÿ�÷��/ø
	fù�	fù
ö_÷,ø
���/ý��/ý�ø
	fù!ÿ3÷���þ�������ù����
÷����
÷��,ý��$ù
ö_÷
ø
�/ö ý3ø��Aý3ÿ�	���÷��/ý�ý3ö_û�ø$ø��
÷Öÿ�÷,ö ÿGù���ù
ÿ�	$ý��
��ø
	�û�ÿ3ù
ø �´ù
ø$ý���!#" ÷��
$3ö#%&�'	$û���û�(Gù�� )����/ùÏÿ3÷,ö_÷Öø$÷��+*
, ý��-	$ý ù����$ý�ø$ý��-	�ùÖù������/ö�ù
ø ����÷�����û�ý���ù��/ý3ø , ù��-	fù/.�÷
ø�ù
ø ��ù��$ùÏ÷Öø$û�ø0	�ý�ö�ùÏÿ3÷
ö_÷�1�ù��2	$÷ÖÿGù���÷��
ý3ø��Aý3ÿ���þ�ÿ3÷'%ßù��2	fù=ÿ�÷������'	$û , û���ù��/ý3	�$��$ö_û�ÿ3ù4���$÷����'(3û����/÷5�/÷Ôû��-	$ý���û�÷��6��ùÔù
ö_÷,ø
	���ù4�/ö_ù4�/û�ø0*
	���û�ú��/û��7�
÷8�/ý�	$ý3ö9�Aý���ù�	����$ùÍý3ø
	�) , ý��/ý:���/û2;·÷���ö_ý�!=<!ý , û��/÷�ùÍý�ø
	$ý3ø
;Õù�	$÷���ý3ø�%�ù
ø>���$÷����$û�ý���ù��/ý�ø
? �'	�û�ÿ3ù
ø9�/ù�ù
ö_÷
ø
	��$ù@���
÷�ø$÷�;A��ý3öB����ù����/ý3ø , ù���û´ù���C�ý3ø_ý�û�ø
	$÷D$�ö3�/û2	$÷�û�ö9�A÷��0	�ù��-	$ý#��ù���ù
�/÷,ø$ø$÷�ýoü'�Aý���û�ö_ý��E	�÷�%>�A÷,û�ø�ý3ø
	�ù
ö_÷,ø9ÿ�÷��/ø
	�ù��-	$ý3ö_ý��-	�ýÔúA÷,ö%úAý3ù����/÷�ù�ù
ö_÷
ø
	��$ùLÿ�÷,ö�ù��2	fù
û��-	�ý��/ø$û���ù��/ý�!
F ÷,ø$ø$÷�÷,ú�.�ý�	$û , ÷G�/ý�ø
	�ý�	��$ù
ú�ù���H/÷G$8�$ý�ø$÷�� , ý��"÷G����÷,ú���ý�ö�ù9��ùI;A��ù
ÿ3ù_ý�þ�ÿ�û����/ÿ�û´ù9�´ù
ø$ý��"ý3ö

ø$÷�������C�ý�øÔù����/÷,ø�ù
ø�!KJ"ö�ù ö�ù��/ý3û2��ùL�/ý�;Õù�(�ý��=û�ø$ø$÷M$ ÿ�÷��-	$ý��=ùL;·÷��$ö�ù��7�
÷N�/ýLù����$ý��Wù��/÷
ø
�/÷,ø8	$û��A÷�*PO ý9����÷,ö_÷ , ý���ùQ;·÷���ö�ù����
÷R�/ý�ù�����ý��,ù��/÷,øS�/÷Q	�û2��÷�*UT�!V" ù���ù5	�ù��-	�÷'%V	$ý3ö_÷
øS���/ý
ý��/ÿ3÷��-	��$ù��&�/ö ÿ3÷
ö9�A÷,ø
	$÷����/ýW;Õù , ÷���ý��Gù¥ý�ø
	fùX�/û�ø$ø$÷�ÿ�û´ù��7�
÷¾ø$ý�öY����ýU.
���/û�ÿ3ù���ù¥ý3ö_û�ø$ø��
÷��´ù
ø$ý���!
Z ù�(�ý����/÷I�/ö�ù�ú��/ø$ÿ3ù�ö_û����/ÿ3û�÷
ø�ù[��ù[��û2	�ý���ù�	����$ù'% , ý���û�þ�ÿGù
ö_÷,ø����/ýàù������/ö�ù
ø]ÿ3÷���þ�������ù���C�ý3ø
�/ýQ�´ù
ø$ý��[�/ý�ÿ�÷��$ù��-	$ýQ�'	$û���û�(3ù
ö�ù������/ö\	�û2��÷]�/ýÔø����
;Õù
ÿ�	fù��-	�ý5��ù��$ùLû��/û�ú/û��_ù�;·÷���ö�ù��7�
÷@�/ý
ù�����ý��Wù��/÷,ø¼ø$ý3ö^���$ýP.
���/û�ÿGù��¼ùàý1þ�ÿ3û����/ÿ3û´ù8�´ù
ø$ý��`_ba�cd!>eè÷,ö ú�ù
ø$ý:�/ý3ø
	�ùàû��';·÷���ö�ù����
÷8	$ý3ø
	�ù
ö_÷,ø
ù��������/ø_ø����
;Õù
ÿ�	fù��-	�ý�ø�ýÇÿ�÷���ù��-	�ý�ø�ÿ�÷,ö û��-	��/û2	$÷D�/ý#	$ý��9�/ö ø$û�ø
	$ý3ö�ù�÷�	$û�ö_û�(Gù��/÷�!f<!ý��A÷
û�ø
�/ý ù��������/ø8	�ý�ø
	�ý�ø �/ý�ý�ö_û�ø$ø��
÷R�/ý9g��/÷���ý3ø$ÿ����/ÿ�û´ù'% ÷Öø����0;Õù
ÿ�	fù��-	$ý�ý�ø$ÿ3÷���H/û��/÷#;·÷,û ÷�<¾÷-�/ý3ÿ�û��
h ���2;Õù�	�÷I�/ý h ? �/û�÷�i h < h�j ýàÿ�÷��$ù��-	$ý�ùI��÷���ù
ö_û���ù9kElmion:H�k�l j !

So lu ç õ e s a q u o s a s c o m p a r t íc u la s e s p a lh a d o r a s

F ý3ø
	$ý"ý1ü'�Aý��$û�ö_ý��-	�÷'%��'	$û���û�(Gù
ö_÷,ø¼ÿ3÷,ö_÷�ö_ý�û�÷ �/ý`�,ù���H/÷S�$÷-��ù
ö_û���ùSkElpiqn`H�kEl j �/ý`��ù/*
	�����ý�(3ù=ÿ3ù�	$û�r��/û�ÿ3ù4��ù ÿ3÷��/ÿ3ý��E	��$ù����
÷4�/ý5s�%ut ×10−4 ö_÷��wv�xM�/û��������/ù
ø¾ý�öy)�����ù4�/ý�û�÷��/û�(3ù���ù'!
">�$ý���ù��$ù
ö_÷,ø4�/ý�( ø$÷�������C�ý3ø5�/ý]n:H�kEl[%èý3öz���/ýLù��/û�ÿ3û�÷���ù
ö_÷,ø h < h ý3ö , )��$û´ù
øÔÿ3÷��/ÿ3ý��{*
	��$ù���C�ý3ø|�/ý�ø��/ý~}{%ut ×10−3 ö_÷��wv�x�ù�	�$:s�%ut ×10−1 ö9÷��wv�x>%3ÿ�÷,ö_÷]ö_ý3û�÷]ý3ø���ù���H�ù��/÷��|�'	$û���û�(3ù
ö_÷,ø
��ù��
	���ÿ����´ù
ø
�/ý T iO2

%
þ�ü/ù����/÷Íù��/ý��/ø$û���ù��/ý���ù
ø
��ù��0	���ÿ����´ù
ø�ý3ö^}'%ut ×1011cm−3 !=� ø
	$ý , ù���÷��
;Õ÷
ûÝý3ø$ÿ3÷���H/û��/÷9�A÷��
���/ýàý3ø
	�ù_ù�����ý�ø$ý��-	�ùI�/ö�ù9ý���ý , ù���ù�ý�þ�ÿ3û����/ÿ3û´ùI��ýàý3ö_û�ø$ø��
÷I��ù���ù��:�=!
F ù Z û����'��ù6a'!�s7�'%
ö_÷,ø
	���ù
ö_÷,øÄù¥ý , ÷��������
÷6�/÷¾ý�ø���ý�ÿ�	���÷��/ýèý3ö_û�ø$ø��
÷6��ù6�´ù��������$ùX�/ý���û���H�ù

ý3ö�;A�����7�
÷`��ù�g������/ÿ�û´ù`�/ý¼úA÷,ö%ú±ýGù
ö_ý��-	�÷`��ù��$ù:�/ö�ù(ø$÷������7�
÷"ýWn:H{*PkEl[!�J¥ö�ù(ÿ�÷��/ø
	�ù�	fù��7�
÷
û�ö9�A÷��
	�ù��-	$ý3���/ý%þ�(�ý3ö_÷,ø�$3���/ý�ÿ�÷��/ø$ý����/û�ö_÷,ø¾ö3����ù��Íù
ø6���$÷��'�$û�ý���ù��/ý3ø��/ý%ý3ö_û�ø$ø��
÷Ôÿ3÷,ö
÷ ù��/ö_ý��-	�÷D��ù�ÿ�÷��/ÿ3ý��-	��$ù����
÷��/ý h < h ý#���/ýÖù
ÿ�û�ö�ùD�/ý#�/ö�ù�ÿ�÷��/ÿ3ý��-	���ù����
÷ ý�ø��Aý3ÿ���þ�ÿGù
�/ý h < h ù
ø9ö3����ù����3ù
øI�/÷�ý3ø��Aý�ÿ�	��$÷@�/ý�ý�ö_û�ø$ø��
÷@�/ýQ�´ù��
�����$ù]�/ýQ��û���H�ù]	$÷��
��ù
ö[*�ø$ý�ö�ù
û�ø
ù
ÿ3ý��-	���ù���ù
ø�!
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F ig u r a 8.19: E vo lu ç ã o d o e s p e c tr o d e e m is s ã o d e la rg u r a d e lin h a e m f u n ç ã o d a fl u ê n c ia

d e b o m b e a m e n to p a r a a lg u m a s c o n c e n tr a ç õ e s d e S D S : 8,0×10−3 m o l/L (¤), 9,0×10−3

m o l/L (M), 1,0×10−2 m o l/L (N), 4,0×10−2 m o l/L (O), 6,0×10−2 m o l/L (♦) e 1,0×10−1

m o l/L (F).
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F ig u r a 8.20: L im ia r la s e r p a r a R a n d o m La s e r e m s o lu ç õ e s a q u o s a s .
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F ig u r a 8.21: E vo lu ç ã o te m p o r a l d a e fi c iê n c ia d a e m is s ã o R L p a r a d u a s a m o s tr a u m a u ti-

liz a n d o c o m o s o lve n te o e ta n o l e o u tr a a á g u a .
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F ig u r a 8.22: E m is s ã o R a n d o m la s e r p a r a R h -6G d ilu íd a e m e ta n o l e á g u a + S D S . O m e io

e s p a lh a d o r s ã o p a r tíc u la s d e Al2O3.
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F ig u r a 8.23: L a rg u r a d e lin h a d e e m is s ã o R L p a r a R h -6G d ilu íd a e m e ta n o l e á g u a + S D S .

O m e io e s p a lh a d o r s ã o p a r tíc u la s d e Al2O3.
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F ig u r a 8.24: D e p e n d ê n c ia d a e vo lu ç ã o e s p e c tr a l c o m o a u m e n to d a c o n c e n tr a ç ã o d e S D S .
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F ig u r a 8.25: E n e rg ia d o lim ia r la s e r e m f u n ç ã o d a c o n c e n tr a ç ã o d e S D S .
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8.1.4 Efe it o s d o SDS n a fo r m a ç ã o d e a g r e g a d o s e m r o d a m in a 6 G
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ôµõäö ÷Fõ ø�ùÇúªûOü�ý$õ�ü�ý$õ�÷Fõ þI÷�ÿ�ú�ö8ý$õ����������
	 üGû�õ�õ ý�ù�ø���
H÷Fõ�û��Hø�ý�õ�û�õ�ü�÷�ÿFý$ö û��eú ÷�õ���	���	
û�þ�ö ÷Fõ ÷��eú�û�� ÿ�û�ö�ûOÿFú ÷�ö���õ8ú���ÿ�û�õ��{ý$öZú�÷���÷��eú ÷%ü�÷�þI÷���ü�÷��eú ÷�õ üGûNÿFý ��ÿ�÷��eú�ö û���!�ý�"$#Qõ õ�û�õ�%�ûOö&�6û���
H÷Fõ
õ�!�ý�ûOú ö&�('�ø���ü�û�õ*)+�{ý$ö&��û��,!�ý�ü�÷'û�-$ö8÷�-$û�ü�ý$õ;ü�÷�û�ÿFý$ö8ü�ý�ÿ�ý �/.

M + M ­ D (8.10)

ý ��ü�÷10 ö ÷Fþ�ö8÷�õ ÷��eú�û�û2��ý�ù(3�ÿ�ø�ù6û�ü�ý�ÿ�ý$ö û��eú ÷'÷��Øý$õ;ü��(��÷Fö ý�õ�"
ôµõµÿ�ý�ö�û4�eú�÷Fõ
þIý$ö���ûOú�ø�ö8÷�5�ûÊ÷76�þ�ö��(��÷��8�{ý$öZú�÷Cú ÷���ü�9���ÿ��6ûÊü�÷:�{ý$ö���û�ö
û4-$ö ÷�-Wû�ü�ý�õ�;9þ�ö��(�<�

ÿ���þGû�ù(��÷��eú ÷µ÷��Âõ ý$ù�ø���
H÷�õMû��Hø�ý$õ�ûOõ�">=
õÃÿ�ý ��õ8ú�û��eú ÷�õÃü�÷µ÷��Hø���ù(�('�ö&��ýäü�÷
ü��(��÷�ö��(5�û���!�ýäþIýHü�÷��
ÿ@?�÷�-Wû�öåû­õ ÷Fö�üGû­ý$ö8ü�÷�� ü�÷/ûOú&3
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;ÖýA�Hø�÷2��û45�ÿ�ý �B�Hø�÷��Cø��Çú ý$õ�ÿ�ý�ö�û��eú ÷FõCû�þ�ö8÷Fõ ÷��eú ÷��

ý�÷��Hø���ù(�('�ö���ý�ü�÷Fõ ù�ýHÿ�û�ü�ý2��ý�õ ÷��eú&��ü�ý�üGû+�{ý$ö���û���!�ý�ü�÷�û4-$ö ÷�-Wû�ü�ý�õ�;���÷�õ&��ý�÷��C'Gû��D6�ûOõ;ÿ�ý��<�
ÿ�÷��Wú�ö û���
e÷�õ

≈ 10−4
��ý$ùFE�GH"I=
õ�ÿ�ý ��õ8ú�û��eú ÷�õ�ü�÷­û�-�ö ÷�-Wû��,!OýDü�÷�þI÷���ü�÷��·ü�ýDõ ý�ùJ%W÷��eú ÷ ; üGû

ú�÷���þI÷�ö ûOú ø�ö�û�÷
üGû+�{ý$ö&��û2�(K ����ÿ�û�ü�ý���÷���ýALNMPO�Q�"
R û�õTSU-$ø�ö�ûOõ�V<"XW�Y�;�V<"XW M<;�V�"XW�VC÷ZV�"XW4[�;�û�þ�ö8÷�õ ÷��eú�û���ý$õÃö8÷�õ ø�ùÇú�û�ü�ý$õÃü�ý$õÃ÷�õ þI÷FÿFú ö ý�õMü�÷
û4'<�

õ ý$ö&��!�ýåþGû�ö�û�õ ý$ù�ø���
H÷�õÚû��Hø�ý$õ�û�õ%ÿ�ý ��þIý�õ8úªû�õ%þIý$öT\�?<�]Y_^`�`	��Z	a" R ÷�õ8ú�ûåõ&3Fö&��÷=ü�÷���÷�ü���üGûOõ�;
S�6�û���ý$õNûäÿ�ý���ÿ�÷��eú ö û��,!Oý�ü�÷
ÿ�ý$ö û��eú ÷
÷��bO

×10−4
��ý�ùFE�G�÷�%�ûOö&�6û���ý$õNû�ÿFý ��ÿF÷��eú ö�û���!�ý�ü�÷

	���	a" ô�'�õ ÷Fö�%�û4��ü�ý�û�õ�SU-$ø�ö û�õ���÷���ÿ���ý �Gû�üGû�õ�þIýHü�÷���ý�õ�ý '�õ ÷Fö�%Oû�ö�ûc�{ý�ö8ú ÷/�(��dGø�÷���ÿ��6û§ü�ý
	���	e�Gû+�{ý�ö&��û���!�ý�ü�÷�û4-$ö8÷�-Wû�ü�ý$õfdGø�ý$ö8÷�õ ÿ�÷��eú�÷Fõ�"
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»*¼¾½À¿4Á&Â�Ã(ÄÅÁ�Æ�Ç�Æ�È&È�¿�ÄÅÁ&Æ�ÉÅÊ�Æ�ÂPË�Â Ç�Ç&ÆfÉPÊU¿�Ä�Ì�Â�Æ�È�Á�¿�¼�Â È>Á&Ç�¿4ÍU¿�Î(ÏU¿�Ä�Ì�ÂZË�Â ¼ÐË�Â Ä�Ë�Æ�ÄÅÁ�Ç&¿�Ñ�ÒPÆ�È
¼:Ê�ÃJÁ�ÂÓ¿�ÍU¿�ÃDÔ�ÂÓÌU¿eÕfÖ×ÕÙØÛÚUÜ�ÝNÞ�ÝXß�à�Æ+Þ�ÝXß á�â*ã:ÉÅÊ�Æ:ÂÓä�Ç�ÂPË�Æ�È&È&ÂÓÌ�Æ1½qÂ Ç�¼�¿�Ñ�å�ÂÓÌ�Æ+¿�Ü�Ç&Æ�Ü_¿�Ì�Â È
ä�Ç&Â ä�Â�Ç&Ë�Ã(Â ÄU¿�¿2½qÂ Ç&¼�¿�Ñ,å�Â�Ì�Æ1¿4Ü Ç&Æ�Ü_¿�Ì�Â�È�Ì�Â�Á&Ã(ä�ÂÓæçØqÌ�è(¼�Æ�Ç&Â È*Ì�Â�Á&Ã(ä�ÂÓæéâfË�Â�¼êÊ�¼ëË�Â�¼+ì
ä�Ç&Ã(¼�Æ�ÄÅÁ�Â×Ì�ÆeÂ Ä�ÌU¿×Ì�ÆeÆ�¼�Ã(È&È�å�ÂíÌ�Æ

≈ λD î�ï á�ð×Ä�¼/ÝñÖ×¿4È2Ë�Â Ä�½qÂ Ç�¼�Æò¿�Ê�¼2Æ�ÄÅÁ�¿�¼�Â È2¿
Ë�Â Ä�Ë�Æ�ÄÅÁ&Ç�¿4Ñ,å�ÂAÌ�Æ�È&Ê�Ç�½À¿�Ë7Á�¿4ÄÅÁ�Æ�Ã(Ä�Ã(Ë�Ãó¿�ì�È&Æ�Ê�¼B¼�Æ�Ë,¿�Ä�Ã(È&¼2ÂôÌ�Æ2Á�Ç&¿�Ä�È&Ã(Ñ�å�ÂAÆ�ÄÅÁ&Ç�Æ�Â È1¿�Ü Ç�Æ�Ü_¿�ì
Ì�Â È�õaä�Â�Ã(ÈéÂÓÌ�è(¼�Æ�Ç&ÂÓæ÷ö4¿�ÃøÌ�Æ�È�¿�äU¿�Ç�Æ�Ë�Æ�Ä�Ì�ÂùÆ:ÌU¿�Ä�Ì�ÂÓÂ Ç�Ã(Ü Æ�¼�¿�ÂÓÌ�è(¼2Æ�Ç�ÂÓÌ�ÂùÁ&Ã(ä�ÂòúùÉPÊ�Æ1ã
û Ê�Â Ç&Æ�È&Ë�Æ�ÄÅÁ&Æ�Æü¿�Ê�¼�Æ�ÄÅÁ�¿2¿2Æ�ÚUË�Ã(ý�Ä�Ë�Ãó¿2Ì�Æ�Æ�¼�Ã(È&È�å4Â�Ì�Â�È&Ã(È�Á&Æ�¼�¿�Ý
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F ig u r a 8.27: E s p e c tr o s d e a b s o r ç ã o d e s o lu ç õ e s a q u o s a s c o m R h -6G p u r a e c o m S D S .

aéÃ(È&Ë�Ê<Á�Ã(¼�Â È�¿�ÄÅÁ&Æ�Ç�Ã(Â Ç�¼�Æ�ÄÅÁ&Æ/ÉPÊ�ÆA¿cÆ�¼�Ã(È&È�å�ÂcbedgfIhji*kml\donoprqíÌ�Æ/È&Â Î(Ê�Ñ�ÒÅÆ�Èù¿4ÉPÊ�Â È�¿�È�ã
Ì�Æ�ä�Æ�Ä�Ì�Æ�ÄÅÁ&ÆüÌU¿�Ë�Â Ä�Ë�Æ�ÄÅÁ&Ç�¿�Ñ�å�Â�Ì�ÆüÈ&Ê�Ç�½À¿�Ë7Á�¿�ÄÅÁ�Æ�Ýts�È&È&Ã(¼/õ ÉPÊU¿�Ä�Ì�Âù¿�È*È&Â Î(Ê�Ñ�ÒPÆ�È*Á&ý�¼ëÍU¿�ÃDÔ�¿�È
Ë�Â Ä�Ë�Æ�ÄÅÁ&Ç�¿4Ñ�ÒPÆ�ÈøÌ�ÆEu6a&uü¿*Æ7ÚUË�Ã(ý�Ä�Ë�Ãó¿�Ì�Æ�Æ�¼�Ã(È&È�å�Â*ã�¼:Ê�ÃJÁ�Â*ÍU¿�ÃDÔ�¿<õ4Â�ÉPÊ�Æ�ä�ÂPÌ�Æ�È&Æ�Ç�Â�Í�È&Æ�Ç
ö�¿�Ì�Â
ÄU¿�ÚUÜ Ê�Ç&¿�Þ�ÝXßwv�Ýyx�Æ�Î(¿�Ë�Ã(Â ÄU¿4Ä�Ì�Â�Æ�È
Á�¿*ÚUÜ Ê�Ç�¿�Ë�Â ¼÷¿�È$ÚUÜ Ê�Ç&¿�È>Þ�ÝXß4àéÆ Þ�ÝXß á<õ�ä�ÂPÌ�Æ�¼�Â È$Æ7Ô�ä�Î(Ã(Ë�¿�Ç
¿1ÍU¿�ÃDÔ�¿1Æ7ÚUË�Ã(ý�Ä�Ë�Ãó¿üÌ�ÆéÆ�¼�Ã(È&È�å4Â{zIäU¿�Ç&¿1Ë�Â�Ä�Ë�Æ�ÄÅÁ�Ç&¿�Ñ�ÒPÆ�ÈTÌ�Æ|u6a&u�¼:Ê�ÃJÁ�Â:¿�ÍU¿�ÃDÔ�Â1ÌU¿+Õ�Ö×Õ Ø

6

3× 10−3
¼�Â Î~}g��â7õ<¿�ÈT¼�Â Î(ã�Ë�Ê�Îó¿�ÈTÌ�ÆéÈ&Ê�Ç�½À¿4Ë�Á�¿�ÄÅÁ&ÆéÈ&ÆéÆ�Ä�Ë�Â�ÄÅÁ�Ç&¿�¼ÙÄU¿ü½qÂ Ç�¼�¿1Ì�Æé¼�Â Ä{� ¼�Æ�Ç&Â È

Æ1Æ�È�Á�Æ�È�ÄUå�Â�Ë�Â Ä�È&Æ�Ü Ê�Æ�¼8¿�ÎJÁ&Æ�Ç&¿�Ç*Ì�Æü½qÂ�Ç&¼�¿�È&Ã(Ü Ä�ÃJÚUË,¿�Á�ÃJö�¿�¿�È�ä�Ç�Â ä�Ç�Ã(Æ�Ì�¿�Ì�Æ�È�Ì�ÆüÆ�¼�Ã(È&È�å�ÂùÌ�Â
Ë�Â Ç&¿�ÄÅÁ&Æ Ý
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F ig u r a 8.29: E s p e c tr o s d e a b s o r ç ã o d e s o lu ç õ e s a q u o s a s c o m R h -6G p u r a e c o m S D S .
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